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INTRODUCTION 
Sources of farm energy, which include oil, natural gas 
and electricity, have more than doubled in cost over the 
past decade. This increasing cost of non-renewable energy 
plus the uncertainty of its availability initiated research 
efforts for alternate energy sources. 
has been solar energy. 
One of these sources 
Farms with ample area for collectors, fuel reserves for 
backup or peak demands and a wide range of low to 
intermediate heat requirements provide excellent conditions 
for utilization of solar energy. However, the use of solar 
energy as an alternate energy source for agricultural 
applications has been restricted, largely by system costs� 
Since the initial investment in a solar system is the main 
cost of ownership, the more energy the system can provide 
over its lifetime the more economical it becomes. 
Multiple-use collectors offer a reasonable payback on 
investment and should be considered as a possible 
alternative energy source. 
Research at South Dakota State University has led to 
the development of a multiple-use Solar Energy 
Intensifier-Thermal Energy Storage (SEI-TES) system for 
Two applications for which the agricultural applicat·ons. 
system has been tested and evaluated include grain drying 
- 1 -
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and livestock ventilation air preheating. These 
applications utilize the system through the fall and winter, 
but addi tiona! use of the system through the spring and 
summer could improve the economics of the system by 
shortening its payback period. Water heating is considered 
as one potential additional use of the SEI-TES system. This 
led to research being conducted at South Dakota State 
University to: 
1. Design a system to heat water using the SE I-TES 
system with minimal modification, while maintaining 
the performance of the �EI-TES system for grain 
drying and ventilation air preheating. 
2 .  Test the SEI-TES water heating package under actual 
conditions. 
3. Evaluate the performance of the SEI-TES water heating 
package and -identify design parameters and 
operational variables that influence the performance 
of the system. 
LITERATURE REVIEW 
Energy Use in Agriculture 
Agricultural, on-farm production consumes 2 .  4 percent 
of the annual energy use in the United States, Brewer ( 4 ) . 
Of this amount, mobile uses, including tractors, field 
machinery and transportation account for 78 percent of farm 
energy consumption. The remaining 2 2  percent is used for 
stationary power and fuel needs for irrigation, lighting, 
appliances, home heating, crop drying, poultry brooding, 
etc. Excluding irrigation and electricity for lighting and 
appliances, stationary energy needs account for 1 0  percent 
of the total on-farm energy requirements, Heid and 
Trotter ( 9 )  . 
Sources of farm energy, which include oil, natural gas 
and electricity, have more than doubled in cost over the 
past decade, decreasing profits and causing some farmers to 
seek alternate sources of energy. One source of alternate 
energy being studied at South Dakota State University is 
that of solar energy. 
The diffuse distribution of solar energy makes it best 
suited for relatively low temperature applications (less 
than 38 degrees centigrade) , such as those found in 
agriculture. Solar collector systems that use liquid or air 
as heat transfer fluids are compatible with most commercial 
- 3 -
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heating and drying systems used in agriculture, Brewer (4). 
The most promising areas are general low temperature 
heating, including grain and crop drying, livestock 
structure heating and greenhouse heating, agricultural 
processing and crop irrigation, Brewer ( 4 ) . Most of these 
applications demand large quantities of energy. Grain 
drying and space heating, according to Brewer (4), offer the 
best opportunities for utilization of solar energy. 
Grain drying and space heating, along with other 
farmstead uses for solar energy, are seasonal in 
nature (Figure 1). According to Hellickson et al. (11), crop 
and grain drying and farm building space heating can 
efficiently utilize low quality heat generated with a 
simple, inexpensive solar system. Spillman et al. (25) 
state that, since the initial investment in a solar system 
is the main cost of ownership, the more energy the system 
can provide over its lifetime the more economical it 
becomes. To achieve a reasonable payback on investment, the 
farmer should consider the use of a portable, multiple-use 
solar system, Heid and Trotter (9). 
30 
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Grain Drying 
Grain drying is a low temperature process normally 
limited to the fall of the year following harvest, Stout et 
al. (27). Corn requires more drying energy than most grains 
and is dried in the fall for a six to eight week period, 
Brewer ( 4). This is also a period when heat energy is 
normally not needed for other farm uses, such as ventilation 
air preheating for livestock buildings. According to 
Butler (S), a multiple use solar collector-storage system 
could be made available for grain drying with minimal cost. 
Studies have been conducted concerning the use of 
multiple-use collectors for grain drying. Kline (l4) 
designed, constructed �nd tested collectors for both grain 
drying and water heating. For low temperature grain drying 
the collectors were operated in a suspended plate 
configuration, with air drawn over and under the absorber. 
Noon hour efficiencies for these collectors ranged from 44 
to 6 6  percent. 
A stationary, multiple-use solar system was studied by 
Kocher et al. (15) for solar grain drying and swine 
farrowing house heating. This system was constructed on the 
south side of a farrowing-nursery unit and consisted of a 
concrete block wall with two glazing layers. Air was drawn 
through the system for ventilation air preheating in the 
winter and for grain drying in the fall. During the drying 
7 
phase of operation the collector provided an average 2 
degree centigrade temperature rise over an average ambient 
temperature of 2 degrees centigrade. An estimated savings 
of 0. 43 cents per bushel of corn dried was noted. 
A portable, multiple-use system was designed and tested 
by Hellickson et al. (11) for grain drying, livestock 
ventilation air preheating and water heating. This system 
consisted of a dual-sided triangular shaped collector with a 
reflector focusing on the north side of the collector. 
Grain drying studies with this system, when insolation 
averaged 26 percent below normal, resulted in an average 
daily temperature rise of 2. 6 degrees centigrade, and an 
average collector efficiency of 37.9 percent. 
Ventilation Air Preheating 
Another use for the multiple-use solar collector is 
ventilation air preheating for livestock structures, 
Rode (22) . Confinement livestock structures require the air 
be changed periodically to keep the humidity at an 
acceptable level and remove ammonia and other gasses, 
Butler (S) . When the incoming ventilation air is colder than 
that required to maintain a set inside temperature, 
supplemental heat is usually added. Space heating 
requirements fluctuate widely and are generally limited to 
winter operations, although young livestock or poultry may 
require heat on a year-round basis. When supplemental heat 
8 
is required, any heat that can be added from solar energy 
will reduce the heat requirement from some other energy 
source, Butler (S). 
Studies using multiple-use collectors for livestock 
ventilation air preheating include a stationary system for 
grain drying and farrowing house heating, Kocher et al. (15) 
and a portable system for grain drying, ventilation air 
preheating and water heating, Hellickson et al. (11). The 
stationary collector was used to heat ventilation air and 
produced an average temperature ri�e of 9 degrees centigrade 
over an average ambient temperature of -8 degrees 
centigrade. The portable system utilized 0.21 cubic meters 
of rock storage per square meter of collector area to 
provide a thermal lag of approximately· eight hours between 
maximum collector output temperature and maximum system 
output temperature. The portable system, over a 27 day test 
period, produced a 10 degree centigrade collector 
temperature rise and an 8. 1 degree centigrade temperature 
rise for the air leaving the rock storage. The average 
collector efficiency was 31. 2 percent and the average system 
efficiency was 24. 5 percent, while insolation averaged 15 
percent below normal. 
9 
Shop and Home Heating 
Two additional winter uses of a multiple-use solar 
collector are shop and home heating. According to Rode (22), 
the basic grain drying collector could provide some shop 
heating capability if it were adapted to lower airflow 
rates. Recirculation of the air from inside the shop would 
lead to higher available temperatures from the collector. 
Residential heating is another possible use of the collector 
but, according to Rode (22), the system should be capable of 
providing temperatures in the rang� of 48 degrees centigrade 
to be effective. A recirculation system with multiple cover 
plates, modified air passage ways and adequate insulation 
would qualify as a residential solar heating system, 
Rode (22). 
Hot Water Use in the Dairy Operation 
An equivalent of 6.86 billion kilowatt-hours of energy 
is used each year in milking activities in the United 
States, Heid and Trotter (9). Table 1 provides a breakdown 
of this energy usage. A national study by the USDA in 1977 
indicated that approximately 16 percent of the energy used 
on dairy farms was for water heating, Hellickson (10). This 
along with the rising cost of conventional energy sources 
has, according to Heid and Trotter ( 9) , motivated a search 
for alternate sources for heating water. 
TABLE 1 
Energy Usage in a Dairy Unit 
Water heating 
Milk cooling 
Milking 
Space Heating 
Lighting 
35% 
26% 
22% 
9% 
7% 
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Commercial dairies require large amounts of energy to 
heat water for equipment cleaning and for stimulation and 
cleaning of udders. Brewer (4) states that about half of the 
energy needed for those tasks could be provided by low 
temperature alternative sources: Two low temperature 
alternatives receiving attention in the United States are 
solar energy systems and waste heat recovery systems. For 
dairies with fewer than 40 cows solar collectors may be more 
economical than heat exchangers, but for dairies with more 
than 40 cows most studies indicate that waste heat recovery 
systems save more energy and have a faster payback, Heid and 
Trotter ( 9). 
In a commercial dairy, the use of hot water (75 degrees 
centigrade) and warm water ( 49 degrees centigrade) varies 
with its size, physical characteristics and mechanical 
arrangement, Brewer (4). For a given dairy, the required 
volume and time of usage of hot water is known. Hot water 
is necessary for proper cleaning and sanitation of all dairy 
equipment and warm water is used for udder washing and 
general cleanup, Stipanuk et al. (26). 
11 
Aproximately 380 
liters of hot water is used for cleaning short pipelines and 
190 liters per wash is used to clean the bulk tank, Heid and 
Trotter ( 9). The use of warm water varies depending on 
whether automatic preparation stalls are used. With these 
stalls, approximately 7. 5 liters per cow are used, while 
with manual preparation usage is reduced to about 1. 9 liters 
per cow. 
Equipment for the capture of solar energy is expensive 
and, according to Wiersma et al. (30), the capacity of the 
water heating components should be designed with regard to 
hot water use requirements. A solar heater designed to 
provide all the hot water required would be prohibitively 
expensive, Brewer (4). Thus Wiersma et al. (30) advises the 
use of solar energy to provide a major portion of the hot 
water requirements all of the time, or all of the hot water 
requirements a major portion of the time, and use 
conventional heating methods to assure the availability of 
hot water at all times. The capacity of the solar collector 
is increased if the water is heated only to the temperature 
at which it will be used because the efficiency of a 
collector is higher at lower circulating water temperatures. 
The adaption and utilization of solar energy for use in 
dairies has been investigated by Hayden et al. (6) ,  
Hellickson (10), Stipanuk et al. (26) , Wiersma et al. (30) 
12 
and others. A system studied by Wiersma et a1. (30) at the 
Dairy Research Center, University of Arizona, provided about 
20 percent of the required heating capacity for a 130 cow 
dairy using 4. 09 square meters of collector area. This 
system heated water to approximately 65.5 degrees 
centigrade, requiring . 0245 square meters of collector area 
per liter of hot water to do so. At the USDA Agricultural 
Research Center in Beltsville, Maryland, Hayden et al. ( 6) 
studied a 93 square meter flat-plate collector combined with 
15, 140 liters of water storage. The solar contribution of 
the system, used to heat the water and living space of a 200 
cow herd, ranged from 16 percent in January to 59 percent in 
June, averaging 35 percent. Later studies of the same 
system documented an efficiency increase of 40 to 80 
percent, with the entire collector array averaging nearly 55 
percent. Hellickson (10) studied a water heating system 
consisting of six flat-plate collectors with a total area of 
9. 5 s.quare meters at the Oregon State University Dairy 
Center. A 4700 liter fiberglass tank was utilized for hot 
water storage. Monthly efficiencies of the entire collector 
system, based on energy available and actual energy benefit, 
ranged from 18.1 percent in June to 47. 8 percent in 
November. 
13 
Hot Water Use in Swine Farrowing and Nursery Houses 
The commercial hog industry uses large amounts of low 
temperature energy for brooding baby pigs and for warming 
nursery and finishing units, Brewer (4). Of the 90 million 
pigs marketed each year, approximately 80 percent (about 72 
million litters) receive supplemental heat during farrowing, 
NSF (19). On average, approximately 440 watts of 
supplemental heat is required per sow and litter, 24 hours a 
day for 35 days, resulting in the consumption of about 2. 64 
billion kilowatt-hours of energy �er year. Common sources 
of supplemental heat are gas-fired heaters, electric radiant 
heaters, electric resistance heaters on or in the floor and 
hot water piping systems embedded in the floor. 
Poor environmental conditions seriously hinder weight 
gain and increase death loss of baby pigs, Vaughn et al. 
( 31). The highest proportion of piglet death loss due to 
chilling occurs during the first 72 hours after birth, 
Adams ( 1). During the first week of a piglet'. s life, it is 
desirable to provide heat in the creep area to maintain a 
temperature of at least 28 degrees centigrade, while ambient 
house temperature should be about 18 degrees centigrade, 
Vaughn et al. ( 31) . According to Brewer ( 4) , the ideal 
environmental temperature for newborn pigs is 
centigrade initially, decreasing to 21 degrees 
after 10 days. 
()'?r--. , ,.,_ ... u ""A V"TA � Tl= 1 NIVI=D<; TV 
32 degrees 
centigrade 
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Solar heat can be used to warm ventilation air, warm 
baby pigs by direct diffusion of warm air on litters and 
warm baby pigs by circulating heated air or water through 
the creep floor, NSF (l9). A practical means of heating baby 
pigs is heating the concrete slab under them with electric 
heating cables or with hot water pipes embedded in the 
concrete. The latter method lends itself readily to the use 
of solar heated water, Brewer (4). Adequate hot water 
storage is a necessary part of a solar energy system to 
provide a continuous heat supply_ for young pigs during 
diurnal and extended periods of low solar availability. 
Livestock farm solar demonstration projects are ongoing 
in nine states includi�g nearly 90 farms. Half of these 
farms include solar heated swine facilities, Heid and 
Trotter (9). In Illinois, a system was designed to be used 
all year with both farrowing houses and nurseries. This 
system, now commercially available, included a 44. 6 square 
meter, liquid-type, flat-plate collector. The estimated 
payback of this system was determined as less than five 
years. Auburn University studied a system in which water 
was heated and circulated through the floors of the creep 
and nursery area. McFate (l7}, at the university of 
Missouri, tested a system that transmitted solar-heated 
liquid 
area. 
to specially 
Spot checks 
designed brooding pads in the creep 
of efficiency, comparing solar heat 
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available to heat gain across the collector, found 
efficiencies to range from 40 to 60 percent. System 
efficiency, which included two 3875 liter and two 1890 liter 
storage tanks, was somewhat lower, Meador et al. (18). 
Domestic Hot Water Use 
About 70 percent of all farm electricity consumption is 
used in the farm residence, Heid and Trotter ( 9). Water 
heating accounts for 12 percent of this amount. According 
to Hayden et al. ( 6 ) , the use of a domestic water preheat 
device could reduce the cost of operating an electric water 
heater by approximately 35 percent, depending on water inlet 
temperature. It has been estimated that the use of solar 
energy for space and water heating in farm homes could save 
29.3 billion kilowatt-hours of energy per year, primarily 
liquid petroleum gas (LPG), fuel oil and electricity, 
NFS ( 19). 
Solar energy is, according to Studman (28), a tried, 
proven and renewable low temperature energy source 
particularly suited for domestic hot water systems. This is 
among the simplest and most efficient applications of solar 
energy, Heid and Trotter (9), while the residence is the most 
readily modified farm structure for alternate energy usage. 
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Solar Water Heating 
Water has several advantages as a collecting and 
storage medium for use with a flat-plate collector. Water 
is low cost and has a high specific heat that, when compared 
to an equal volume of rock, allows three times as much 
thermal energy to be stored for the same storage 
temperature. Water can also be used more effectively than 
air when transferring heat over large distances. For many 
applications no additional heat exchange surface is needed 
to separate the air collecting medium and the liquid storage 
medium, Rode (22). 
According to Kreith and Kreider (l6), there are two 
types of solar water heating systems in common use, the 
natural-circulation (thermosyphon) system and the 
forced-circulation (pumped) system. Fluid motion in the 
thermosyphon system is caused by the tendency of low density 
fluids to rise above higher density fluids. This density 
difference is created in the solar collector by adding heat 
to the liquid, which increases the liquid's temperature and 
decreases its density. The forced circulation system 
utilizes a pump to circulate the liquid through . the 
collector. 
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Solar Water Heating Collectors 
Kreith and Kreider (l6) discuss several methods for 
converting solar 
ranging from a 
degrees Kelvin. 
energy to 
few degrees 
These range 
heat 
above 
from 
non-concentrating, 
compound-curvature, 
flat-plate 
continuously 
energy at temperatures 
ambient to above 3000 
air and liquid-cooled, 
type collectors 
tracking types 
to 
with 
concentration ratios up to 3000 or more. Low temperature 
units are generally flat-plate or evacuated-tube type 
collectors that operate below abou� 115 degrees centigrade, 
Brewer (4). Agricultural applications usually require 
temperatures less than 38 degrees centigrade, making 
flat-plate collectors readily adaptable, Brewer (4). 
Most hot water collectors used today have tubes, 
attached to or built into the absorber surface, through 
which the liquid heat collecting medium flows. When water 
is to be heated with an. air-cooled collector, an 
air-to-liquid 
Rode (22), most 
satisfactorily 
exchanger. 
heat exchanger is used. 
air-cooled collectors 
heating water with the 
According to 
are capable of 
required heat 
Riley et al. (21) reported the use of an air-cooled 
solar collector utilizing an air-to-liquid heat exchanger in 
a domestic hot water system. Results indicated that this 
system performed less efficiently than two commercially 
manufactured water-heating 
"Bubble" collectors) on a 
systems (Model 
solar contribution 
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60F Grumman 
basis. The 
air-cooled collector contributed 0. 0021 kilowatt-hours per 
square meter per day versus 0. 0067 and 0. 0084 kilowatt-hours 
per square meter per day for the commercial models. Two 
reasons cited for the lower solar contribution were that, in 
general, air-cooled collectors are less efficient than 
hydronic systems when used to heat water and, in this 
specific case, a 6. 1 meter section of pipe running through 
an unheated space between the solar storage and auxiliary 
tanks was left uninsulated. Although less efficient than 
the commercial systems, the air-to-water system proved to be 
economically feasible, �ith a payback of 12. 2 years for this 
particular system. Neither commercial system proved to be 
cost effective over a 20 year period. 
Forced Circulation System 
A forced circulation system is used when climatic, 
structural or architectural reasons prohibit the use 
natural circulation system, Krei th and Kreider ( 16). 
of a 
This 
system requires the use of a pump to circulate the water 
through the system. The addition of a pump allows for the 
storage tank to be located below the collector array, which 
is necessary when the collector is mounted on a roof or 
wall. The water flow rate can be varied when a pump is used 
to a rate which provides a desired output water temperature. 
The collector can also be drained when a pump 
prevent freezing in a cold climate. An increase 
cost and a decrease in system reliability 
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is used to 
in system 
are two 
undesirable factors encountered with the addition of a pump. 
Thermosyphon System 
The design of a thermosyphon collector system includes 
several factors related to the characteristics of natural 
circulation that must be considered. These include pipe 
size, storage tank elevation and storage tank size. Larger 
than normal pipe sizes and connections must be used to 
reduce friction losses in the water circulation loop. 
According to Krei th and Kreider ( 16), one pipe size larger 
than what normally would be used with a pumped system is 
satisfactory, but under no conditions should piping smaller 
than 1. 1 centimeters be used. 
The elevation of the storage tank above the outlet 
header of the collector is critical in two respects. First, 
the storage tank should be a least 0. 3 meter·s higher than 
the collector outlet to prevent heat loss at night due to 
water flow reversal, Krei th and Kreider ( 16) . Second, the 
elevation of the tank has a direct effect on the thermal 
head that causes the water to circulate through the system, 
Baughn et al. ( 3) . Thermal head is the summation of the 
difference in the water density along the loop, vertically, 
times the vertical length of the loop. 
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Experimental work by Baughn et al. (3), illustrated in 
Figure 2, showed that the maximum flow rate decreased from 
77.1 kilograms per hour to 38. 6 kilograms per hour when the 
storage elevation was lowered from 0. 6 meters above the 
collector outlet to 0. 8 meters below. As the tank elevation 
was lowered, the system output temperature increased 
resulting in lower instantaneous efficiencies earlier in the 
day. However, at the lower tank elevations, the lower flow 
rate resulted in greater tank stratification which, 
according to Kreith and Kreide�(16), is desirable to 
maintain flow rates and efficiencies as high as possible. 
At the higher tank elevation the higher flow rates caused 
the water to recycle through the collector in a shorter 
time. This resulted is less ·tank stratification, higher 
water temperatures entering the collector and high 
instantaneous efficiencies early in the day, but lower 
instantaneous efficiencies when recycling began. These 
lower instantaneous efficiencies resulted in the accumulated 
efficiency for the day being lowered. For the system 
studied, the accumulated efficiencies for the three tank 
elevations on similar days varied by only three percent at 
the end of each day, while earlier in the day variations in 
accumulated efficiency of up to 15 percent were noted. 
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Heat Exchanger 
A heat exchanger is a device in which two fluid 
streams, separated from each other by a solid wall, exchange 
thermal energy. One stream is heated while the other is 
cooled, Kreith and Kreider (l6). Liquid-to-liquid heat 
exchangers are usually designed as a shell-and-tube bundle 
where one fluid flows through the tubes while the other is 
forced over the tubes by a series of baffles. Cross-flow 
heat exchangers are widely used for gas heating and cooling, 
Krei th and Kreider ( 16). In this exchanger the two fluids 
move in a number of separate channels arranged so that the 
streams of the first fluid cross those of the second, 
Henderson and Perry (l2)� 
The performance of the cross-flow heat exchanger has 
been studied and documented by Kays and London (l3). Shown 
in Figure 3 are effectiveness curves that resulted from 
these studies. 
determine 
The first 
the 
is 
Three dimensionless parameters are used to 
performance 
the ratio 
of cross-flow heat exchangers. 
of the exchanger's overall 
conductance ( UA )  to the heat capacity of the hot fluid 
(CaWa). The second is the ratio of the heat capacity of the 
cold fluid (CbWb) to that of the hot fluid (CaWa). The 
third is the exchanger effectiveness, which is the ratio of 
the temperature drop of the hot fluid (Tal-Ta2) to the 
difference between the incoming hot and incoming cold fluid 
temperature (Tal-Tbl). 
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For an air-to-water heat exchanger in which air is 
being cooled, the heat capacity of the hot air (CaW a) is 
determined directly from the air flow rate through the 
exchanger. Since the overall conductance (UA) is constant 
for a given exchanger, the dimensionless parameter UA/CaWa 
is influenced only by the · airflow rate through the 
exchanger. The ratio of the heat capacities (CbWb/CaWa) is 
obtained directly from the air and water flow rates through 
the exchanger, and can be changed by varying one or both. 
The effectiveness (Tal-Ta2/Tal-Tbl} of the exchanger can be 
changed by varying the water flow rate through the 
exchanger, which influences the temperature of the outgoing 
air and also the heat . capacity ratio, and by varying the 
temperature of the incoming water. 
Energy Storage 
Energy requirements of an agricultural enterprise can 
vary with time of day, day of the year and elapsed time 
since the start of the energy consuming process. Available 
solar energy varies in intensity with the time of day, 
season of the year, weather and geography. Since the supply 
of solar energy and the demand for useful energy rarely 
coincide exactly, solar energy must be stored for use at the 
time of need, Brewer (4). For the most efficient and 
trouble-free utilization of solar energy, the material type 
and quantity of storage must be compatible with other 
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components of the system, the form and level of energy 
requirements 
Brewer ( 4). 
and the availability of solar energy, 
Energy is stored in a material as either . sensible or 
latent heat. In sensible heat storage, the storage medium 
increases in temperature whereas in latent heat storage the 
storage medium undergoes a phase change or chemical 
reaction, Kreith and Kreider (l6). The most common means of 
storing solar energy is as sensible heat in a liquid or 
solid, Brewer (4). This type of s�orage is best suited for 
applications where the output temperature is not limited to 
a narrow range. Latent heat storage is better sui ted for 
applications with limited output temperature requirements. 
The most common medium for storage of sensible heat 
with low and medium-temperature solar systems is water, 
Kreith and Kreider (l6). Water is also the obvious choice if 
it is used as the heat transfer fluid in the collector or 
hot water is the desired end product, Brewer (4). Water has 
several other advantages as a storage medium including being 
inexpensive, readily available, non-toxic, easily 
transported and of high specific heat among others, Kreith 
and Krieder (l6). Some disadvantages that must be accounted 
for include being subject to freezing, corrosion and 
leaking. 
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There are basically two modes of liquid heat storage, --
well-mixed and stratified. Well-mixed storage is at a 
relatively constant temperature throughout, while in 
stratified storage a temperature gradient exists in the 
medium. 
Well-mixed storage usually occurs 
velocities at the tank entrance and exit 
when liquid 
are relatively 
high. The resulting turbulent flow causes a mixing action 
in the medium. Small storage volumes in comparison to the 
liquid flow rate will also result-in well-mixed, or nearly 
constant temperature storage. 
When the storage volume is large compared to the liquid 
flow rate, temperat�re stratification is possible. 
Stratification results when a less dense, warm liquid rises 
above a more dense, cool liquid, which falls to the bottom 
of the storage container, Brewer (4). Two major advantages 
are associated with storage stratification. First, the 
temperature of the liquid drawn from the bottom of the 
storage container is colder than that drawn out of 
well-mixed storage of equal size and energy content. Better 
collector efficiencies result because a colder fluid will 
pick up more energy in the collector. Second, more heat 
will be delivered to the point of use because liquid drawn 
from the top of st.ratified storage is at a higher 
temperature than well-mixed storage of equal size and energy 
content. 
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Evaluation of Thermosyphon Systems 
Several researchers have investigated the performance 
of thermo syphon water heating systems. Baughn et al. ( 3) 
studied the effects of the elevation of a 113. 6 liter 
storage tank on the performance of a 1. 95 square . meter 
flat-plate water heating collector. As mentioned in the 
Thermosyphon System section, higher tank elevation was found 
to cause higher water flow rates, smaller water temperature 
rises and instantaneous efficiency peaks to occur earlier in 
the day. For the tank size studied, the accummulated 
efficiencies were found to differ by only three percent at 
5:00 p. m. ,  and ranged from 50 to 54 percent. Baughn et al. 
( 3) noted that, for other water use conditions, marginal 
solar insolation and different size storage tanks relative 
to the collector area, the effect of storage tank elevation 
may be more significant than results from his observations 
indicated. 
The effects of elevation of the storage tank on the 
performance of a thermosyphon system were also studied by 
Ong (20). A 1. 53 square meter collector was used with a 106 
liter storage tank. Tests were conducted with the bottom 
outlet of the storage tank 0. 84, 0. 69, 0. 53 and 0 meters 
above and 0. 23 meters below the outlet of the collector. 
Maximum system efficiencies ranged from a high of 6 3  
percent, on a day with the highest total radiation and the 
28 
tank at the second highest elevation, to a low of 30 
percent, on a day with 33 percent less radiation and the 
tank positioned at its 
lower tank elevations 
lowest elevation. 
produced lower 
Generally, the 
efficiencies. 
Conclusions were that by increasing the height of the tank 
the water mass flow rate was increased, resulting in lower 
collector temperatures and higher collector efficiencies. 
At higher water flow rates, the volume was recirculated 
through the collector more times resulting in more energy 
being collected and higher tank temperatures at the end of 
the day. Results of tests at the highest tank elevation 
seemed to indicate that there could be an optimal elevation 
between storage outlet. and collector outlet, beyond which 
mean efficiency and tank temperatures may decrease, possibly 
due to increased pipe losses. 
A system studied by Shi tzer et al. ( 23) included two 
flat-plate collectors connected in parallel, with a total 
area of 3 square meters, connected to a 140 liter storage 
tank. Based on total insolation on the plane of the 
collector and total energy accumulated in the storage tank, 
the system operated with an overall thermal efficiency of 
35. 3 percent. Water flow rate in the system reached a 
maximum of 570 liters per hour at 13:00 h local time and 
declined into the late afternoon hours. Water temperature 
distribution inside the storage tank, under conditions of no 
water --- draw-off, was almost 
temperature stratification. 
linear indicating 
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good 
Baughn (2) studied the flow and temperature response of 
a flat-plate solar water heater with natural circulation to 
test the adequacy of an analytical model. Four collectors, 
with a total area of 4. 36 square meters, were connected to a 
310 liter storage tank which was elevated 0. 34 meters above 
the collector. The water mass flow rate reached a maximum 
of approximately 151 kilograms per hour between 13:00 and 
14:00 h and dropped off in the later afternoon hours. 
Instantaneous efficiency for the system reached a maximum of 
66 percent at 11:00 h with an accumulated efficiency of 51 
percent at the end of the testing day. 
RESEARCH PROCEDURE: DESIGN AND TESTING 
System Design 
The South Dakota State University Solar Energy 
Intensifier-Thermal Energy Storage (SEI-TES) system is 
designed to be a low-cost, portable, multiple-use solar unit 
for agricultural applications. These applications include 
grain drying, livestock building heating and water heating. 
A 3. 05 meter high, parabolic shaped, polished aluminum 
reflector concentrates solar radiation on the north side of 
a 0. 8 meter high collector unit ( Figure 4). The collector 
unit, triangular in cross-section to provide for internal 
rock storage, has low iron glass glazing on the north and 
south sides to receive reflected and direct solar radiation. 
The system is designed as modular units to enhance its 
portability between various applications on the farmstead. 
The reflectors are designed as 3. 05 by 3. 05 meter sections 
mounted on wooden post and steel support structures spaced 
at 3 meters. The reflector frame is designed with solid 
1. 27 centimeter square steel rods welded in a parabolic 
truss-type arrangement. Round steel rods 1. 27 centimeters 
in diameter are welded to the square rods, 
ground level, to provide the support 
reflective material is stretched. A 
horizontal with 
over which the 
5. 1 centimeter 
diameter, solid, round steel rod, located at the middle of 
the reflector frame, serves as pivot support for the frame. 
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In both the 1981 and 1982 studies, two 3 . 05 by 3 . 05 
meter ref l ectors were used to provide a total reflector area 
of 18.58 square meters . Two 1 . 93 meter sections of 
collector provided a 3 .  86 meter target, resulting in an 
ef fective area of 3 . 8 6 meters by 3 . 05 meters, or 11 . 58 
square meters . When combined with the area of the south 
side of the collector unit, 0 . 8 6 meters by 3 . 8 6  meters, or 
3 . 32 square meters, the total effective area of the system 
was 14 . 9  square meters . 
In 198 1, two types of ref l ective material were used . 
The first was a polished aluminum sheet call ed 
King-lux (reflectivity=. 90 ) and the second, a polyester film 
with a vapor deposited, pol ished al uminum reflective 
material called YS-91 (ref l ectivity= . 85 ) . The two were being 
compared with respect to durability as part of another 
study . In 1982 the King-lux was used as the reflective 
material . 
The dual-sided, triangular in cross-section collector 
is designed to accept insolation directly on the south side 
and indirectly from the reflector on the north side . Both 
sides of the collector are at an angle of 60 degrees with 
horizontal, use 3. 1 millimeter low-iron glass glazing, have 
a 0 .  8 millimeter sheet metal absorber painted with 
flat-black, laquer-base paint and are supported by an iron 
frame . Plywood behind the absorber plate, and attached to 
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the frame, provides structural rigidity and forms the air 
channel behind the absorber (Figure 5). 
The 1981 collector was designed and constructed as a 
continuous unit sized for its specific application. 
1982 system was redesigned and built in sections,. 
The 
1. 93 
meters in length, 
south side unit. 
each consisting of a separate north and 
Each north and south side unit fit onto a 
base, designed for the particular application, and connected 
together at the top to form the triangular cross-section. 
The 1. 93 meter sections fit together end-to-end to form 
basically the same collector unit as in 1981. The new 
design consisted of the same materials as before, but was 
more readily adaptable to different sized applications and 
more easily moved between each. 
Different applications of the collector at different 
locations on the farmstead makes the use of a collector base 
unit, that 
desirable. 
is designed 
A flat base, 
for the specific application, 
constructed with 1. 27 centimeter 
plywood and insulated with 5. 08 centimeters of styrofoam is 
used for grain drying applications. A rectangular, 
trough-shaped base constructed of 1. 2 7 centimeter plywood 
and insulated with 7. 62 centimeter batt insulation is filled 
with 8 to 10 centimeter rocks and used for livestock 
building heating applications. 
application utilizes the same base 
The water heating 
as grain drying, but 
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ducting is added inside the collector, as described in the 
following sections, to provide for air recirculation. 
1 981 Water Heating Collector Design 
The 1981 water heating system was designed as a 
single-pass, recirculating air collector with a heat 
exchanger inside the collector unit. The heat exchanger was 
connected to an elevated storage tank to allow water to 
circulate by natural convection (Figure 6). 
A 3. 9 meter section of the dual-sided collector was 
placed on a flat, insulated (R= 1. 26 k-m2/W) base. The air 
inlet at the top of the collector was sealed and the 
cross-section, between the north and south side units, was 
partitioned into equal upper and lower areas with styrofoam 
insulated plywood (R= 1. 26 k-m2/W). This provided the 
ducting for air recirculation. Holes were cut near the 
bottom of the plywood support structure (.Fi gure 7) to allow 
the air to flow out of the lower duct, underneath the 
absorber and into the upper duct. 
A 0. 4 by 0. 5 meter, finned-tube, air-to-water 
exchanger was placed inside the collector at one end. 
heat 
The 
exchanger was encased in plywood and air was drawn from the 
top duct down through the exchanger and exhausted into the 
lower duct. A 0. 075 kilowatt forward curved fan, placed on 
the cold-air side of the exchanger, provided airflow in the 
system. It was calculated that a finned-tube heat exchanger 
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with a face area of 0. 1 94 square meters would be s uffi cient 
a s suming a 53 degree centigrade air inlet temperature, a 
water temperature ri se of 8 degrees centigrade and a water 
flow rate of 17. 4 liters per minute, Healy ( 7). To reduce 
expense and determi ne system feasibility, a car radiator was 
selected and u sed. The exchanger was not altered in any way 
and regular radiator hose connected water transport pipes to 
the exchanger inlet and outlet. The cold water transport 
pipe was connected to the bottom heat exchanger inlet, and 
the hot water transport pipe to the top. These pi pes 
extended out through the end of the collector and up to the 
storage tank. 
A fiberglas s  tank wi th a capaci ty of 450 liters stored 
the water. The tank was insulated with 5. 08 centimeters of 
batt i n sulati on (R= 3. 87 k-m2/W) and elevated so the bottom 
outlet was 0. 3 meters above the top outlet of the heat 
exchanger. The tank and heat exchanger were connected wi th 
2 . 5 4  centimeter wrought i ron pipe i n sulated with 1. 27 
centimeter pipe i n sulation (R= 2. 78 k-m/W). 
1 982 Wate r H eati n g  Col lector Des i g n  
The 1982 water heating s y stem ( Fi gure 8 )  uti lized air 
recirculation ,  as the 1981 s y stem di d, but wi th the air 
making two pas ses over the absorber plate. A different 
ducti ng arrangement was requi red with i n  the coll ector , but 
the same heat exchanger was u sed. The same storage tank was 
3 9  
a l so u s ed , but wi th a di ffe rent type and a r r angement o f  
p i p i ng t o  the t ank . 
Two o f  the rede s i gned c o l l e c t o r  sec t i ons , wi th the s ame 
area as the 1 9 8 1  system , were p l ac ed on a f l at ,  i n sul ated ( R= 
1 . 2 6 k-m2 /W ) b a s e . The ai r i n l et at the top o f  e ach 
c o l l e c t o r  s e c t i o n  wa s s e a l ed for r e c i rcu l at i on . Dua l - p a s s  
a i r rec i rc u l ati on w a s  achi eved b y  runni ng a 1 5 . 2  c ent i me te r  
wi de , styro f o am i nsu l ated ( R= 0 .  6 3  k- m2/W ) duc t  down the 
c ente r  of the c o l l e c t o r . The top o f  the duc t  wa s c onne c ted 
to the c o l l e c t o r  ab s o rbe r p l ate on e ach s i de . A i r f l ow w a s  
out o f  thi s duc t ,  down ove r the ab s o rber p l ate to the bo ttom 
whe re i t  turned up a l ong the back o f  the ab s o rbe r and 
f i na l l y  exi t i ng i nto the c ro s s - secti on out s i de o f  the 
duc t ( Fi gure 9). He re the ai r was drawn to one end o f  the 
c o l l e c to r ,  through the exchange r and fo rced back i nto the 
c ente r duc t .  A 0 .  1 2 4 k i l owatt , axi a l - f l ow f an c ap ab l e  o f  
ope rating a t  di f fe rent speeds wa s u s ed t o  c i rcu l ate the a i r .  
The fan wa s l o c ated on the c o ld ai r s i de o f  the he at 
exchange r to minimi z e  chanc e s  o f  ove rheat i ng the f an mo t o r . 
The s ame he at exchange r wa s u s ed in 1 9 8 2 wi th o ne 
modi fi c at i on made on i t . The out l e t  at the top and s i de o f  
the exchange r wa s p lugged and the radi ato r fi l l  ho l e  w a s  
uti l i z ed . A 5 . 0 8 c ent i me t e r  di ame ter b ra s s  p i pe wa s 
so lde red i nto thi s ho l e  to form a connec t i on to the ho t 
wate r t r anspo rt p i pe . Thi s a l te rat i on was made to redu c e  
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the f low path l ength o f  the hot wate r in the he at exchange r 
onc e i t  p a s sed through the he at t rans fe r  c o i l s . 
The s ame s to rage t ank was u s ed i n  1 9 8 2 , but w a s  set 
furthe r away f rom the c o l l ec t o r . The t ank was po s i t i oned 
be s i de the re f l ec t o r , 3 me t e r s  no rth and app ro x i mate l y  2 
mete r s  to the s i de o f  the c o l l e c t o r  end . Coppe r p i p e , 1 . 9  
c enti me t e r s  i n  di ame t e r ,  c onnec ted the he at exchanger t o  the 
storage tank . The p ip e s angled di rec t l y  from the tank 
out l e t  to the he at exchanger i n l e t , and vi c e  ve r s a , a s  
F i gu re 8 i l lu s tr ate s . Thi s w a s  done to reduc e f r i c t i on l o s s  
due t o  extra p i p e  l ength and e lbow s and t o  mi nimi z e  the 
po s sibi l ty o f  t r apped a i r in ho ri z onta l  pipe s , whi c h  c an 
b l o c k  the f l ow o f  wate r . F o am i nsu l ati on 1 . 2 7 c ent i me t e r s  
thi c k  ( R= 2 . 7 7 k-m/W ) i n su l ated the pipe s . 
Test P roced u re 
1 981 System 
The 1 9 8 1  system wa s bu i l t  and te sted to det e rmi ne i f  
the c o l l e c to r ,  pre sent l y  be i ng u s ed to dry gra i n  and prehe at 
venti l at i on a i r ,  c o u l d  be e ffec tive l y  u s ed to he at wate r . 
Maj o r  ob j e c t ive s o f  the study i nc luded eva lua t i ng the 
e f fectivene s s  o f  the the rmo syphon c onc ept , wi th an 
a i r - c oo l ed c o l l ec to r  and ai r- to -wate r heat exchange r ,  and 
evaluati ng the ove r a l l p e r f o rmanc e of the system . 
Two parame t e r s  c o ns i de r ed to be impo rtant i n  the syst em 
de s i gn were the a i r f l ow rate through the c o l l e c to r  and he at 
exchanger ,  and the s t o r age t ank e l evati on . 
the bottom o f  the t ank wa s p l ac ed 0 .  3 
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F o r  thi s_ s tudy 
mete r s  above the 
exchange r out l e t , a s  r e c ommended by Kre i th and Kre i de r ( 1 6 ) , 
t o  p revent backf l ow du r i ng c l oudy peri ods . A 0 . 0 7 5  
ki l owatt , forw ard- cu rved f an w a s  s e l ec ted to prov i de a n  a i r  
f l ow o f  0 .  3 0 5 cub i c met e r s  p e r  mi nute p e r  squ a re met e r o f  
c o l l e c to r , whi ch requ i red a f an output o f  4 . 5 3 cub i c me t e r s  
per mi nute . The me a sured a i r f l ow rate i n  the s y s tem w a s  
6 . 12 cubi c mete r s  pe r m i nute ( 446 ki l ogram s  p e r  hou r ) ,  whi ch 
was s l i ght l y  hi gher than de s i red at 0 .  4 1  cubi c me t e r s  p e r  
minute p e r  square me te r o f  c o l l ec to r . 
The c o l l e c to r  w a s  t e s t ed on re l ative l y  c l e ar days 
between 9 : 00 and 1 5 : 0 0 h l o c a l  standard t i me . The t ank w a s  
f i l l ed w i th fre sh water i n  the mo rni ng and the w a t e r  
transp o rt p i pe s w e r e  che cked for trapped a i r .  The re f l e c tor 
was t i l ted downward to focu s on the c o l l e c to r  and the f an 
started . 
Ai r and wate r t empe rature s we re moni t a re d  throughout 
the day u s i ng c oppe r - c on s t ant an the rmoc oup l e s  and a 
mi c ro-proc e s s o r , data aqu i s i t i on system . A to t a l  o f  44 
the rmoc oup l e s  we re u s ed , of whi ch 3 3  moni tared a i r  
temperature s and 1 1  wate r tempe rature s .  
Ai r temper atu re s were re c o rded at three c ro s s - s e c t i ons 
o f the c o l l e c to r , at t. e m i dd l e  and two feet from e ac h  end . 
Five the rmo c oup l e s  we re p l ac ed at e ach sec t i on . One was 
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p l aced at both the ai r i nl e t and out l e t of the ab s o rbe r 
p l a te on both the north and south s i de s ,  and the fi fth 
between the two ab s o rbe r out l e t s  to rec o rd the �empe r ature 
of the mixed a i r l e av i ng the c o l l e c to r  p l at e s . The 
temper atu re o f  the ai r ente r i ng and l e av i ng the he at 
exchange r was me a su red wi th 18 the rmo c oup l e s , 9 spac ed 
equ a l l y  on e ach s i de . Ambi ent ai r tempe rature w a s  me a su red 
wi th a the rmo c oup l e  shaded from di rect sunl i ght . 
Five the rmo c oup l e s  were p l ac ed i n  the sto r age tank , one 
a t  each mi dpo i nt of five equ a l  i -nterva l s be tween the t ank 
i nl e t  and out l e t . A the rmoc oup l e  w a s  p l ac ed i n  both the 
t ank i n l e t  and ou t l e t l e adi ng to the c o l l e c to r ,  and one w a s  
p l ac ed i n  both the w a t e r  supp l y  i n l e t  and ho t wate r out l e t  
o f  the t ank . The rem a i ni ng two thermo coup l e s  we re p l ac ed i n  
the i n l et and out l e t  o f  the he at exchanger .  
A Hew l e t t - P a c k a rd mode l 9 8 2 5  mi c roc ompute r  a l ong w i th a 
Hew l ett- P ac kard mode l 3 49 5A s c anner and mode l 3 4 5 5A d i g i t a l  
vo l tmeter we re u s ed t o  obt a i n  and re c o rd tempe rature s i n  the 
s y s tem . Temp e r ature s we re moni tored and rec o rded eve ry 3 0  
minute s and stored on magne t i c  tape . An Epp l e y mode l 8 - 48 
r adi ome t e r , c ontro l l ed by the data aqui s i t i on s y s tem , 
moni to red so l a r  r adi a t i on f o r  one minute at the end o f  e ach 
30 minute i nt e rv a l .  
D at a  we re rec o rded f rom Ju l y  6 ,  1 9 8 1  to Augu s t  8 ,  1 9 8 1 . 
The l ength o f  e ach te s t  va r i ed dependi ng on any p rob l em s  
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enc ounte red on tha t  given day . The fi r s t  ye a r ' s te s t s  were 
c onducted mai n l y  a s  proof of c oncept , howeve r ,  enough data 
were c o l l e c ted to eva lu ate the performanc e of the 
s i ngl e - pa s s ,  the rmo s yphon s y stem . 
1 982 System 
The 1 9 82 water he ati ng system wa s bui l t  and t e s ted to 
de te rmine the e f fe c t s  of ai r f l ow path ,  a i r f l ow r a t e  and 
storage e l evati on on s y s tem p e r fo rmanc e . Ai r f l ow was 
du a l - pa s s , ove r the f ront and back o f  the ab s o rbe r p l ate , to 
p rovi de data that c ou l d  be c ompa red to the 1 9 8 1  s i ng l e - p a s s  
re sul t s . Ai r f l ow r a t e  i n s i de the c o l l e c t o r  a f fe c t s  the 
e ffi c i enc y of the c o l l e c to r  and the e ffe c t i vene s s  o f  the 
heat exchange r .  T ank e l evati on a f fec t s  the therma l he ad , o r  
the pre s sure i n  the wate r l o op , that i nduc e s  f l ow a round the 
l o op . 
The 1 9 82 sys tem w a s  te s ted u s i ng three ai r f l ow rate s 
and three t ank e l evati ons . Due to l ac k  o f  t i me needed to 
te s t  a l l nine c omb i nat i on s , four c ombi nati ons of a i r f l ow 
rate and t ank e l ev at i on were used . Ai rf l ow s  o f  7 . 02 ,  5 . 6 4 
and 3 . 9 0 cub i c  mete r s  pe r m i nute ( 5 04 , 405 and 2 8 1  ki l ogram s  
p e r  hour ) ,  o r  0 . 47 4 ,  0 . 3 7 8 and 0 . 2 64 cubi c me te r s  p e r  m i nute 
per square me ter of c o l l e c to r , re spe c tive l y  were u s ed . T ank 
e l ev at i ons u s ed we re 0 .  3 ,  0 .  6 and 0 .  9 mete r s , wi th the 
e l evati on be i ng the ve rti c a l di s tanc e be tween the exch anger 
out let and the s t o r age out l e t . 
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A to t a l  o f  56 the rmo c oup l e s  were used to moni t o r  system 
temp e r ature s i n  1 9 82 . Thi rty- s even moni tored a i r  
temp e r ature s and the remaining 1 9  water temp e r ature s .  
The rmoc oup l e s  we re p l ac ed at thr e e  c ro s s - s e c ti ons o f  the 
c o l l ec to r , the mi ddl e s e c t i on and a se c t i on 0 . 6 me t e r s  f rom 
e ach end . S i x  the rmo c oup l e s  were p l ac ed at e ach s e cti on . 
The ai r temperatu re s  ent e r i ng and l e avi ng the abs o rbe r p l ate 
and the a i r temp e ratu re whe re the a i r turned from f ront to 
back o f  the ab s o rb e r  we r e moni to red i n  both the no r th and 
south s e c t i ons . Ni ne the rmo c oup l e s  we re equ a l l y  spac ed on 
both the hot and c o ld s i de of the he at exchange r .  One 
the rmo c oup l e w a s  p l a c ed in a shaded area to rec o rd ambi ent 
temperature . N i ne teen the rmoc oup l e s  r e c o rded wat e r  
temperatures i n  the sys tem wi th 14 equa l l y sp a c ed i n  the 
tank and one e ach i n  the exchange r inl e t , exchange r outl e t , 
tank i n l et , tank out l e t  and water supp l y  to the sto rage 
i n l et .  
The 1 9 82 te s t  proc edure was s i mi l ar to 1 9 8 1  exc ept data 
were rec o rded from 9 : 00 to 1 5 : 0 0 h local so l ar t i me . The 
s ame data aqui s i t i on sys tem re c o rded system temp e r a tu r e s i n  
1 9 82 a s  1 9 8 1 , w i th mo re temperature s be i ng moni to red . The 
s ame radi ome t e r  w a s  used in 1 9 82 , but rad i a t i on w a s  
moni tored for 5 s e c onds eve ry minute , i n s te ad o f  1 mi nute 
eve ry 30 mi nute s ,  and aver aged at the end o f  the 30 m i nute 
i nterva l . Thi s w a s  changed to mi nimi z e  the e f fec t s  o f  bri e f  
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c l oud c ove r i ngs du r i ng the 30 mi nute i nterva l , whi c h  he lped 
prevent i ndi c ati ons of c omp l ete c l e a r  o r  c l oudy c ondi t i ons 
dur i ng p a rt l y  c l oudy ski e s . Thi s method provi de s a good 
me a sure of the ave r a ge ene rgy ava i l ab l e  ove r the 3 0  mi nute 
i nte rva l .  Data we re r e c o rded fo r 33 days s t a r t i ng Ju l y  2 8 ,  
1 9 82 and endi ng Septembe r  1 0 , 1 9 82 . 
R E S U LTS A N D D I S C U S S I O N  
Re se arch w a s  conduc ted i n  the summe r s  o f  1 9 8 1  and 1 9 82 
to eva luate the p e r f o rm anc e o f  a so l a r wate r he a t i ng p a c k age 
for the SD SU S E I - TE S  s y s tem . In 1 9 8 1  the s y s tem w a s  
de s i gned and t e sted to dete rmine the fe a s i b i l i ty · o f  the 
wat e r  he ating p ac kage and l imi ted data we re obt a i ned . The 
1 9 82 s y s tem w a s  e s senti a l l y  the s ame 
except for a change in the ai r f l ow 
a s  the 1 9 8 1 s y s t em , 
pattern . D a t a  were 
c o l l ec ted fo r four c omb i nati ons o f  three c o l l e c to r  a i r  f l ow 
rate s and thr e e  t ank e l evati ons to eva luate the i r  e f fec t s  on 
sys tem p e r fo rmanc e .  Data from the 1 9 8 1  and 1 9 8 2  te s t s  are 
t abu l ated i n  the Appendi x .  
The systems are ana l yz ed on bo th a dai l y  and hou r l y  
b a s i s .  The ove r a l l  p e r fo rmanc e o f  both sy stem s , i nc lud i ng 
the di ffe rent ai r f l ow and tank e l evat i on c omb i nat i on s  o f  
the 1 9 82 sys tem , are eva luated o n  a dai l y  b a s i s . 
An ana l y s i s o f  vari anc e i s  u sed to de t e rmine the 
e f fec t s  of c o l l ec to r  a i r f l ow rate and wat e r  s to r age 
e l evati on on d a i l y  s y s t em e f fi c i enc y fo r the 1 9 82 s y s t em . 
An equat i on i s  given to predi ct the performanc e o f  the 1 9 8 2 
sys tem b a s e d  on co l l ec to r  ai r f l ow rate , i n s o l at i on ,  and 
wi nd ve l o c i ty .  The 1 9 8 1  and 1 9 82 sy stems are c omp ared to 
det e rmine the e f f ec t s  of c o l l e c to r  ai r f l ow p a tt e rn . 
- 48 -
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P redi c t i on equ a t i ons fo r dai l y  ene rgy c o l l e c ted for the 
di f ferent te s t  c omb i na t i on s  o f  the 1 9 82 s y s t em are 
p r e s ented . The 1 9 8 2  s y s tem i s  a l s o anal yz ed on an hou r l y  
b a s i s and p redi c t i on equ ati ons fo r hour l y  ene rgy c o l l e c ted 
and temp e r atu re o f  the water l e av i ng the c o l l e c to r  are 
p re s ented . 
S eve r a l  p a r ame t e r s  and vari ab l e s  af fec t the ove r a l l 
pe rformanc e o f  the the rmo s yphon water he at i ng s y s t em . 
De s i gn parame te r s  c on s i de red to be impo rtant a r e  the 
c o l l e c t o r  a i r  f l ow p a tte rn , c o l l e c to r  a i r  f l ow r a te , s i z e  o f  
he at exchange r ,  s i z e  and geome try o f  wate r p i p i ng s y s t em , 
e l evati on o f  the wate r storage tank and the s i z e  o f  the 
water sto rage t ank . P a r ame te rs eva luated i nc lude c o l l e c to r  
a i r f l ow p atte rn , c o l l ec to r  ai r f l ow r ate and water s t o r age 
e l evati on . 
C l i mati c va r i ab l e s  c o n s i dered important i nc lude 
i n s o l at i on ,  w i nd ve l o c i ty ,  ambi ent ai r temper atu r e  and t i me 
o f  day . The ave r a ge temp e r ature o f  the water i n  the sto r age 
t ank i s  c ons i de red an i mpo rt ant s y s tem var i ab l e . V a r i ab l e s  
eva luated i nc lude i n so l at i on ,  wind ve l o c i ty ,  amb i e nt a i r 
temperature , t ime o f  day and water tempe rature i n  the 
s to r age tank . 
The ana l y s e s o f  dai l y  sys tem effi c i enc y i nc lude the 
e ff e c t s  of i n s o l at i on ,  w i nd ve l o c i ty ,  ave rage amb i ent a i r 
temperatu re and i ni t i a l  wat e r  sto rage temperatu re f o r  four 
s o  
comb i nati ons o f  ai r f l ow rate and sto r age e l ev a t i o n . The 
ana l y s e s of hou r l y  s y s t em e ffi c i enc y i nc lude the e f fe c t s  o f  
in s o l at i o n ,  t i m e  o f  day ,  amb i ent ai r temp e ra tu r e  and 
temp e rature o f  the water ent e r i ng the c o l l ec to r . The output 
water temp e r atu re ana l y s e s i nc lude the e f f ec t s  o f  
i ns o l at i on , ave r age water storage temp e r atu r e  and i nc om i ng 
wate r temp e r a tu re . The dai l y  and hour l y  e ff i c i enc i e s  are 
expre s s ed i n  te rm s  o f  ene r gy c o l l e c ted i n  the predi c t i on 
equation ana l y s e s .  
Da i ly E ne rgy Col lected 
T ab l e  2 l i s t s  the ave rage e f fi c i enc y f o r  e ach a i r f l ow 
rate and tank e l evat i on f rom data c o l l e c ted i n  1 9 82 , a nd the 
ave r age e ff i c i enc y f o r  the 1 9 8 1  data . 
TABLE 2 
D a i l y  E f f i c i enc y 
S y s tem Ave r age E f f i c i enc y ( % )  
1 9 82 M=40 5 , H=0 . 3  m 2 4 . 5  
1 9 82 M=2 8 1 , H=0 . 3  m 2 0 . 0  
1 9 82 M=5 0 4 , H=0 . 6  m 2 5 . 8  
1 9 82 M=5 04 , H=0 . 9  m 2 6 . 5  
1 9 8 1  M=446 , H=0 . 3  m 2 8 . 5  
M= co l l e c to r  ai r ma s s  f l ow rate , kg/hr 
H= tank e l evati on , m 
Ob s e rvat i on s  
1 2  
3 
7 
6 
4 
5 1  
An ana l y s i s o f  vari anc e  was u s ed to dete rm i ne i f  the 
four c omb i nati ons o f  a i r f l ow rate and t ank e l ev at i on o f  the 
1 9 82 s y stem produced r e su l t s whi ch were s i gni f i c ant l y  
di ffe rent . F o r  the given numbe r o f  ob s e rvat i on s  wi th four 
c omb i nati ons , a minimum of 4 . 1 p e rc ent di f f e renc e i n  dai l y  
e f f i c i enc y  i s  requ i red for any c omb inati on to be 
s i gni f i c ant l y  di f fe rent f rom any othe r . The re su l t s  
i ndi c ated that , at an a i r f l ow rate o f  2 8 1  ki l o g r am s  per 
hour w i th the t ank out l e t  0 . 3  mete r s  above the c o l l e c t o r  
out l e t , an ave rage dai l y  e ffi c i enc y o f  2 0 . 0  pe rc e nt was 
s i gni f i c ant l y ( . O S )  l owe r than the othe r s . 
Stepwi s e  mu l t i p l e  l i ne a r  regre s s i on wa s u s ed w i th the 
1 9 82 data to predi c t  s y s tem e f f i c i enc y u s i ng c o l l e c to r  a i r 
f l ow r ate , i n s o l at i on ,  dai l y  ave rage wind ve l o c i ty ,  d a i l y  
ave rage amb i ent temp e r ature and s to rage e l evat i on a s  
i ndependent var i ab l e s . D a i l y  i n s o l ati on ,  c o l l e c to r  a i r f l ow 
rate and dai l y  ave r age w i nd ve l oc i ty were the onl y  v a r i ab l e s  
hav i ng a s i gni f i c ant ( . 0 1 ) e f fe c t . The equ at i on i s  l i sted 
be l ow wi th e f f i c i enc y ( E f f ) i n  perc ent , c o l l e c t o r  a i r  
f l ow ( Ma i r ) i n  ki l o gr am s  p e r  hour , dai l y  i n s o l at i o n ( I) i n  
ki l owatt�hou r s  and d a i l y  ave rage wind ve l o c i ty ( Vw )  i n  mete rs 
pe r s e c ond . For thi s equati on the c o e f f i c i ent of 
de termi nati on was 0 . 7 7 6 . 
E ff = 2 0 . 69 + . 0 3 5 7Mai r - . 1 4 7 5 ! - 1 . 0 1 3 Vw 
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The s i gn o f  the c oe f f i c i ents for c o l l ec t o r  a i r f l ow and 
dai l y  ave rage wind ve l o c i ty are as wou ld be expe c ted , wi th 
l arge r c o l l ec t o r  ai r f low s i nc re a s ing sys tem e f fi c i enc y and 
l a rge r dai l y  ave rage w i nd ve l o c i ti e s  dec re a s i ng s y stem 
e f fi c i enc y . The s i gn o f  the c o e f f i c i ent f o r  dai l y  
i ns o l at i on i s  negati ve , whi ch i s  no t what what wou l d  be 
expec ted . The r e  are at l e a s t  two po s s i b i l i t i e s  f o r thi s 
negative c o e f fi c i ent . F i r s t , the c o e f fi c i ent s f o r e a ch 
var i ab l e  we re b a s ed on i t s  ave rage va lue . When i n s o l at i o n  
was hi gher than the dai l y  ave rage , the he at l o s s e s  f r om the 
s y s tem i nc re a s e  due to hi ghe r than ave r age s y stem 
temperature s . S e c ond , the water inlet temperatu re w a s  l owe r 
than amb i ent tempe rature du r i ng mo st o f  the day . At l ow 
i n s o l at i on thi s wi l l  l e ad to e ffi c i enc i e s  gre ater th an 1 0 0  
perc ent , be c au s e  the s y s tem wi l l  p i c k  up the l a rge s t  amount 
of energy from the envi ronment . 
Dai l y  ave r age ambi ent temperature and stor age e l evati on 
did no t have a s i gni f i c ant e f fec t  on the p redi c t i on 
equati on . I t  i s  p robab l e  that the re w a s  no t enough 
vari ati on i n  amb i ent temperature ove r the 1 9 82 te s t  p e r i od , 
thu s l i mi t i ng i t s  e f f e c t  on the system e f f i c i enc y . I t  i s  
be l i eved that s t o r age e l evati on wou ld have a s i gn i f i c ant 
e f fect on s y s tem e f f i c i enc y if the storage vo lume we re 
l a rge r . A s  it w a s , at the hi ghe r stor age e l eva t i on the 
wate r st arted rec yc l i ng e a r l i e r  i n  the day due to the hi ghe r  
5 3  
wate r  f l ow rate , i nc re a s i ng the temp e r ature o f  the water 
ent e r i ng the c o l l e c t o r  and dec re a s i ng the c o l l ec to r  
e ff i c i enc y l ate r i n  the day . Wi th l arge r  water s t o r age , the 
water wou l d  not r e c yc l e  a s  qu i ck l y  and the e f fi c i enc y o f  the 
c o l l ec t o r  wou l d  c ont i nue hi gh l ate r in the day . 
The 1 9 8 1  and 1 9 82 s y stems we re c omp ared to det e rm i ne i f  
the two di f fe rent a i r f l ow pattern s , de s c r i bed i n  the D e s i gn 
s e c t i on , re su l ted i n  di ffe rent sy stem e ff i c i enc i e s . F i gure 
10 i s  a graph of the ave rage dai l y  system e f fi c i enc y of the 
1 9 8 1  and 1 9 82 s y s tem s ve r su s  c o l l ec to r  ai r f l ow . The 1 9 8 2 
data are gr aphed a s  a func t i on o f  t ank e l evat i on ,  a l s o ,  to 
i s o l ate the e f fec t of s t o r age e l evat i on . The 1 9 8 1  s y s tem 
wa s t e s ted at a s t o r age e l evati on of 0 . 3  me te r s , a s  we re two 
c o l l e c to r  a i r f l ow r ate and storage e l evati on c omb i na t i ons 
of the 1 9 82 system . 
To e s t i mate the e ff i c i ency o f  the 1 9 82 s y st em fo r the 
c o l l ec to r  a i r f l ow r ate o f  the 1 9 8 1  sys tem , a l i ne w a s  drawn 
through the 1 9 82 data whi ch had a 0 . 3  m s to r age e l ev at i on .  
Thi s l i ne l i e s  above the e f f i c i enc i e s  o f  the hi ghe r s t o r age 
e l evati ons and a i r f l ow rate s of the 1 9 82 s y s t em , whi ch 
sugge s t s  that the e f f e c t  o f  storage e l evat i on o n  s y s tem 
e ff i c i enc y i s  non- l i ne a r  ove r a w i de range of c o l l e c to r  ai r 
f l ow rate s . The o re t i c a l l y ,  the e f fi c i enc y f o r  a s t o r age 
e l evati on of 0 . 3  me te r s  and a c o l l e c to r  ai r f l ow r a t e  of 5 0 4  
ki l o gram s  p e r  hou r shou l d  f a l l be l ow tho s e  o f  the h i ghe r 
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s to r age e l evati ons , a s  shown . A curvi l i ne a r  re l at i onship i s  
then fo rmed . 
The e ff i c i enc y o f  the 1 9 8 1  sy stem l i e s  above both the 
l i ne a r  and the o r e t i c a l  cu rvi l i ne a r  ext rapo l at i on o f  the 1 9 82 
data . Thi s sugge s t s  tha t  the back- p a s s  ai r f l ow p atte rn o f  
the 1 9 8 1  sy s tem i s  mo re e ff i c i ent than the dua l - p a s s  a i r  
f l ow p attern o f  the 1 9 82 system . Thi s i nc re a se i n  s y s tem 
e ffi c i enc y i s  approx i mate l y  3 .  5 p e rc ent ove r the l i ne ar 
ext r apo l at i on ,  o r  an approxi mate 14 perc ent i mprovement ove r 
the e s timated pe rfo rmanc e o f  the 1 9 82 system f o r  the s ame 
c o l l ec to r  a i r f l ow r ate and sto rage e l evati on . 
S tepwi s e  mu l t i p l e  l i ne a r  regre s s i on w a s  u s e d  to 
eva luate the e ff ec t s  o f  var i ab l e s  ( l i s ted e a r l i e r i n  thi s 
secti on ) on the da i l y ene rgy c o l l e c ted for the 1 9 82 s y s tem . 
The re su l t i ng p redi c t i on equ ati ons are gi ven i n  T ab l e  3 fo r 
the four di ffe rent a i r f l ow rate s and sto r age e l ev at i on 
c omb i nat i ons , a l ong wi th c o r re spondi ng c o e f f i c i ent s of 
dete rmi nati o n ,  c omputed f va lue s . and F va lue s requ i red at 
the . 05 and . 0 1 s i gn i f i c anc e l eve l . Tab l e  4 surnme r i z e s  the 
o rder in whi ch the vari ab l e s  entered e ach regre s s i on 
ana l y s i s and i n  the fo l l owing paragraph s the e ffe c t s  o f  the 
vari ab l e s  are di scu s s ed . 
var i ab l e  i s  c o r re l ated 
i ndi c ated in the o rde r 
The extent to whi ch an i ndependent 
to the dependent v ar i ab l e  i s  
i n  whi ch i t  ent e r s  the s tepwi se 
regre s s i on . A s  e ach vari ab l e  ente r s , the s i gni fi c anc e of 
5 6  
the i nc re a s e  i n  the c o e f fi c i ent o f  d�t e rmi nati on i s  t e s ted 
by the c omputed f va l u e . I f  i t  i s  l a rge r than the F va lue 
at a gi ven l eve l , then the equ at i on i s  s i gni f i c ant a t  that 
l eve l . 
I ns o l at i on 
s i gni fi c ant ( . 0 1 )  
e nte red a l l 
i n  a l l  
four 
c a s e s . 
equati ons fi r s t  and w a s  
I n  c omb i nat i on two , 
i ns o l ati on wa s the only vari ab l e  to ente r . Thi s i s  l i ke l y  
due t o  a l a rge var i ati o n  i n  i nso l at i on for the sma l l  numbe r 
o f  ob s e rvat i on s , a s  c ompared to the vari ati on i n  the othe r 
var i ab l e s . 
Dai l y  ave r age wi nd ve l oc i ty ente red comb i nati ons 1 and 
3 i n  the s e c ond s tep and c omb i nati on 4 i n  the thi rd step . 
The addi t i on o f  ave r a ge wi nd ve l o c i ty had o n l y  a 
s i gni fi c ant ( . O S )  e ff e c t  i n  c ombi nat i on 1 .  Thi s sugge s t s  
tha t , at hi gher ai r f l ow r a t e s  and t ank e l evati ons , e i ther 
the wi nd ve l o c i ty had l e s s  e f fect on he at l o s s  f rom the 
sys tem or the var i at i on in wind ve l oc i ty ,  fo r c omb i na t i ons 3 
and 4 ,  was not gre at enough for the c o rre sponding numbe r  o f  
ob s e rvat i ons . A t  l owe r c o l l e c t o r  ai r f l ow r at e s the wind 
ve l o c i ty wi l l  gene r a l l y  have a l a rge r � f fec t on s y stem he at 
l o s s . 
Amb i ent temp e r atur e , whi ch di rec t l y  affe c t s  he at l o s s  
f rom the sys tem , ent e r ed comb i nations 1 and 3 thi rd , and 
c omb i nati on 4 l a s t . I n  the f i r st two c a s e s  i t s  addi t i on to 
the exi s t i ng equati on re su l ted in an equ ati on s i gn i fi c ant at 
TABLE 3 
Pre di c t ion Equa t ion s  for D a i ly Ener gy C o l le c t e d  
Comb inat ion 
1 .  H�=405 k g / hr 
H = 0 . 3  m 
2 .  M= 2 8 1  k g / hr 
H=0 . 3  m 
3 .  M=5 0 4  kg/hr 
H=O . 6 m 
S t ep Equat ion 1 
1 E =  . 2 16 4 !  + 1 . 0 79 
2 E= . 2 2 5 7 1  - . 6 9 6 1Ws + 2 . 1 3 0  
3 E =  . 2 1 8 0 1 - . 7 3 9 0Ws + . 12 8Ta 
- . 5 00  
4 E= . 2 2 5 3 1  - . 8 85 4Ws + . 0 9 8Ta 
+ . 2 35Tt - 3 . 2 9 2 . 
1 E= . 19 5 5 1 + . 0 8 3  
1 E =  . 2 4 15 1  + . 9 3 7  
2 E= . 2 10 3 1 - . 5 8 0 1Ws + 4 . 7 1 8 
3 E =  . 2 2 19 1 - . 7 2 0 7Ws + . 1 7 1Ta 
+ . 2 14 
4 E= . 2 2 3 9 1 - . 7 1 8 1Ws + . 2 1 1Ta 
- . 1 30Tt + 1 . 0 0 5  
R2 
. 9 2 6 8  
. 9 5 34 
. 9 6 9 7  
. 9 7 2 0  
. 9 9 5 7 
. 9 1 8 4  
. 9 6 32 
. 9 9 1 7 
. 9 9 2 2  
4 .  M=5 0 4  kg/hr 1 E =  . 2 4441  + 1 . 0 19 . 9 6 1 1 
H=0 . 9  m 2 E= . 2 75 41 - 1 . 2 16 Tt + 15 7 3 8  . 9 7 6 3  
3 E =  . 2 6 8 3 1  - . 2 7 0 7Ws - 1 . 4 6 5 6Tt  . 9 9 3 8 
+ 2 0 . 5 3 1  
4 E= . 2 6 741  - . 3 75 4Ws - . 1 72 Ta . 9 9 5 0  
- . 9 9 3Tt + 1 8 . 6 0 0  
1 .  E �  dai ly energy co l le cte d ,  kWh 
I= dai ly energy avai l ab l e on co l le c t o r  s ur fa ce , kWh 
Ws = dai ly average wind ve l o ci ty , m/ s 
Ta= dai ly ave rage amb ien t temp e ra t ure , C 
Tt= ini t i a l  ave rage wate r s t orage t emp e ra t ure , C 
2 .  M= co l le ctor air flow rate 
3 .  H= e leva t ion of wate r s t orage t ank above co l le c t o r  out le t  
f ' 
12 6 . 7 0 
5 . 1 3 
4 . 2 9 
0 . 5 7 
Required F 
. 0 5 . 0 1 
4 . 9 6 
4 . 2 6 
4 . 0 7 
4 . 12 
10 . 04 
8 . 0 2 
7 . 5 9 
7 . 85 
2 3 3 . 2 0 16 1 . 40 4 05 2 . 00 
16 . 2 6 
1 8 . 0 0  
2 9 . 46 
5 6 . 2 5 
4 . 8 7 
10 . 3 3 
0 . 1 3 
9 8 . 84 
1 . 9 3  
5 . 6 9 
6 . 6 1 
6 . 9 4 
9 . 2 8 
19 . 2 5 
7 . 7 1  
9 . 5 5 
1 9 . 16  
0 . 2 1 2 2 4 . 6 0 
9 9 . 2 5 
2 1 . 2 0 
3 0 . 82  
9 9 . 1 7  
5 6 25 . 0 0 
U1 
........ 
Comb inat i on Ins o lat ion 
1 .  
H= 40 5 kg/hr 
H= 0 . 3 m 
2 .  
M= 28 1 kg/hr 
H= 0 .  3 m 
3 .  
H= 5 0 4  kg /hr 
H= 0 .  6 m 
4 .  
M= 5 0 4  kg /hr 
H= 0 .  9 m 
1** 
1* 
1** 
** 1 
TABLE 4 
Order o f  Var i ab l e s  for Dai ly Energy C o l le ct e d  
Average In i t i al 
Wind Ve l o c i ty Amhien t T�mp_erature S torage Temper a t ure 
2 * 3 * 4 
2 3 * 4 
3 4 2 
**- s ign i fi c ant at . 0 1 leve l 
* - s i gn i f i can t  at . 0 5 leve l 
l.J1 
00 
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the . O S  l eve l . I n  c omb i n at i on 4 ambi ent temp e r atu r e  was 
added to the equ a t i o n  but di d not s i gni fi c ant l y ( . O S )  a f f e c t  
the equ ati on . The vari at i on i n  ambi ent temp e r ature w a s  
sma l l  f o r  c omb i nati on 4, whi ch m a y  exp l a i n  thi s .  
I ni t i a l  s t o r a ge temper ature ente red l a s t in 
c omb i na t i ons 1 and 3 and s e c ond i n  c omb i n at i on 4 .  The 
vari ati on i n  i ni t i a l stor age temp e r ature w a s  sma l l i n  a l l  
three c a s e s ,  f a i l i ng t o  p roduc e a s i gni fi c ant i mp rovement i n  
the equ at i on s . I ni t i a l  sto rage temperature i s  c ons i de red an 
important vari ab l e  in the sys tem performanc e , but du r i ng the 
te s t  proc edu re the sto rage tank wa s f i l l ed wi th wate r at 
ne a r l y  the s ame temp e r ature at the be ginni ng o f  e ach t e s t  
day . One day o f  data i n  c omb i nati on 2 ( Augu s t 1 3 , 1 9 82 ) wa s 
not i nc luded i n  the re su l t s  bec au s e  o f  an i ni t i a l  ave r age 
stor age temperature 5 . 6  degre e s  c enti grade hi ghe r than the 
othe r s . The dai l y  ave rage e f f i c i enc y for thi s day w a s  1 0 . 3  
perc ent , a s  comp a red to a 1 9 . 5  p e rc ent ave rage f o r  the o the r 
days i n  c ombi nati on 2 .  Thi s sugge s t s  the i mpo rt anc e o f  
i n i ti a l  ave rage stor age temperature , al though mo re t e s t i ng 
wi th vari ed i ni t i a l stor age tempe rature s i s  requ i red to be 
c onc lu s i ve . 
S c atte r di agram s  and predi c t i on equat i ons f o r  the dai l y  
ene rgy c o l l ec ted ve rsu s  i n s o l at i on , f o r  the four a i r f l ow 
rate and storage e l evat i on c omb i nati ons , are shown in 
F i gure s 1 1 ,  12 , 1 3  and 1 4  wi th F i gure s 16  and 17  i nc l ud i ng 
60 
the e f fe c t s  of d a i l y  ave r age wind ve l o c i ty f o r  c omb i na t i ons 
1 and 3 ,  re spec t i ve l y . F i gure 1 5  c onta i n s  the four 
equati ons of F i gu re s  1 1  through 14 , al ong wi th an equ a t i on 
ba s ed on the comb i ned data from the f ou r  i nd i v i du a l  
equati ons . The s e  equ at i on s  we re ana l yz ed stati s t i c a l l y t o  
de term i ne i f  the f ou r  i ndividu a l  equ at i o n s  we re 
s i gni f i c ant l y  di ffe r ent from the equati on deve l oped from the 
c ombi ned data . Thi s wa s done by c omput i ng the amount o f  
var i at i on i n  the dependent vari ab l e  exp l a i ne d  b y  the 
vari ati on i n  the i ndependent vari ab l e  fo r the four 
i ndivi du a l  e qu a t i ons and c omp a r i ng that to the s ame f o r  the 
equ ati on de r i ved from the c ombi ned data . Ana l y s i s i nd i c ated 
that the fou r  i ndi vi du a l  equati ons are s i gni f i c ant l y ( . 0 1 ) 
di f ferent from the equ a t i on de rived from the c omb i ned dat a ,  
and that dai l y  ene rgy c o l l e c ted c annot b e  predi cted u s i ng a 
s i ng le equ a t i on when di f fe rent c o l l e c to r  a i r f l ow r a t e s and 
s to r age e l evat i ons a re u s ed . 
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H o u r l y  E ne rgy C o l lected 
The 1 9 82 s y s tem wa s ana l yz ed and predi c t i o n  equ ati ons 
we re deve l oped fo r the ene rgy c o l l ec ted dur i ng a 3 0  m i nute 
inte rva l . ( Va r i ab l e s  i nc luded i n  the ana l ys e s  a r e  l i s t ed 
e a r l i e r i n  thi s s e c t i on . ) The re su l t i ng equati o n s  are 
l i sted i n  T ab l e  5 a l ong w i th e ach c o rre spondi ng c oe f f i c i ent 
o f  dete rmi nat i on �  c omputed f value and F va lue requ i red to 
be s i gni f i c ant at both the . 05 and . 0 1 probabi l i ty l eve l . 
The o rde r s  that e ach vari ab l e  ente red the regre s s i on 
ana l yse s are. summa r i z ed i n  T ab l e  6 1  and the e f fe c t s  o f  e ach 
vari ab l e  are di scus sed in the fo l l owing paragraph s . 
I n s o l a ti on e nte red e ach a i r f l ow rate and s t o r age 
e l evati on c omb i nat i on f i r s t . The c oe ff i c i e nt o f  
de te rm i nat i on i n  c omb i nati on 2 i s  sub st anti a l l y l a rge r than 
tho s e  o f  the o the r c omb i na t i ons bec ause the va r i a t i on i n  
inso l at i on i n  c omb i na t i on 2 w a s  l arge r . Al l four equ a t i ons 
we re s i gni f i c ant at the . 0 1 p robab i l i ty l eve l . 
Time o f  day � i n  terms o f  the numbe r o f  3 0  m i nute 
i nte rva l s  from s o l ar noon , was ana l yz ed to dete rm i ne i t s  
e ffect on s y s tem e f f i c i enc y . Time o f  day ente red 
comb i nat i ons 1 1  2 and 3 s e c ond , and c omb i nati on 4 thi rd . I n  
comb i nat i ons 1 ,  3 ,  and 4 i t s inc lu s i on improved e qu a t i o n 
si gni fi c anc e at the . 0 1  l eve l , and in c omb i nati on 2 a t  the 
. OS l eve l . The l a rge va r i ati on in inso l at i on in c omb i nati on 
2 , a s  c omp ared to the othe r c omb inati ons , make s it di ff i cu l t  
to rec ogni z e the e ffe c t s  o f  the other vari ab l e s . 
TABLE 5 
Pre di c t ion Equa t ions  for Hour ly Ene rgy Co l le c t e d  
Comb inat ion Step Equat ion 1 2 
Required F 
R f . 05 . 0 1 
2 1 .  M3=405 kg/hr 1 E= . 2 446 1 - . 049 H =0 . 3  m 2 E= . 2 2 2 0 1  - 3 8 0 . 2h + . 2 30 
2 .  M= 2 8 1  kg/hr 
H=0 . 3  m 
3 .  M=504 kg/hr 
H=O . 6 m 
4 .  H=5 04 kg /hr 
H=O . 9 m 
3 E= . 2 130 1 - 3 7 2 . 7h + . O lOTa 
+ . 0 1 1  
4 E= . 2 1 34 1 - 3 16 . 6h + . 0 15Ta 
- . 0 16Tw + . 1 1 8  
1 E= . 19 9 31 - . 00 6  
2 E =  . 19 7 11 - 145 . 1h + . 0 6 6  
3 E =  . 15 9 3 1 - 1 34 . 7h + . 0 18Ta 
- . 2 3 3  
4 E =  . 16 0 9 1 - 146 . 3h + . 0 1 3Ta 
+ . 0 2 6Tw - . 46 3  
1 E =  . 2 95 11  - . 19 0  
2 E =  . 2 130 1 - 75 0 . 0h + . 46 0  
3 E= . 2 2 8 8 1  - 7 0 8 . 6h - . 00 8Tw 
+ . 5 82 
4 E= . 2 36 5 1  - 6 2 3 . 8h + . 00 9 Ta 
- . 0 12Tw + . 34 1  
1 E =  . 2 5 741 + . 0 18 
2 E= . 2 80 6 1  - . 0 3 3Tw + . 4 1 3  
3 E =  . 2 5 5 81 - 3 3 7 . 6h - . 02 7Tw 
+ . 5 9 3  
4 E =  . 2 4 8 3 1 - 3 1 3 . 7h + . 0 1 1Ta 
- . 0 30Tw + . 4 12 
. 8447  
. 89 4 8  
. 9 0 5 0  
. 9 1 3 1  
. 9 394  
. 9 4 7 3  
. 9 5 35 
. 95 3 8 
. 7 7 44 
. . 9 0 8 9  
. 9 15 2  
. 9 19 2  
. 75 3 7  
. 8 843  
. 90 2 5  
. 90 4 1  
7 7 2 . 5 6 
6 7 . 02 
15 . 0 2 
12 . 94 
5 2 6 . 6 9 
4 . 9 6 
4 . 2 9 
0 .  16 
2 8 1 . 5 0  
1 19 . 6 8 
5 . 86 
3 . 9 2 
2 14 . 20 
7 7 . 8 5 
12 . 72  
1 . 1 3 
1 .  E= energy -colle cted-durfng 10-minute- in te rval , kWh . 
3 . 9 2 
3 . 0 7 
2 . 6 8 
2 . 45 
4 . 1 7 
3 . 32 
2 . 9 2 
2 . 6 9 
4 . 00 
3 .  15 
2 . 7 6 
2 . 5 3 
4 . 00 
3 .  15 
2 . 7 6 
2 . 5 3 
I= energy avai lab le on co l le ctor s urface during 30 minute interval , kWh 
h= number o f  30 minut e in terva l s  from s o lar noon ; e x .  1 1 : 00 ,  h= l ;  2 : 30 ,  h= 2 . 5  
Ta= amb ient temperature at beginning o f  30 minute interva l , C 
6 . 85 
4 . 0 9 
3 . 9 5 
3 . 48 
7 . 5 6 
5 . 39 
4 .  5 1  
4 . 0 2 
7 . 0 8 
4 . 9 8  
4 . 1 3 
3 . 6 5 
7 . 0 8 
4 . 9 8 
4 . 1 3 
3 . 6 5 
Tw= temperature o f  water en te ring co l le ctor a t  beginning o f  30  minute in te rva l , C 
2 .  H= co ll e ctor air flow ra te 
3 .  H= e levat i on o f  water s torage t ank above col le ctor o ut l e t  
0'\ 
\.0 
TABLE 6 
Order o f  Var i ab le s  for Hour ly Ene rgi C o l le c t e d  
Temp e rature--of 
C omb inat ion Ins o lat ion T ime o f_Day . A!!!_b i en t  Temperat·ure lJa t e r  gnt�!'i-_ng C o l le c t or 
1 .  
M= 405 kg /hr 
H= 0 .  3 m 
2 .  
M= 2 8 1  kg/hr 
H= 0 .  3 m 
3 .  
H= 5 0 4  kg/hr 
H= 0 .  6 m 
4 .  
M= 5 0 4  kg /hr 
H= 0 .  9 m 
1** 
1 ** 
** 1 
** 1 
** - s ign i fi c an t  at . 0 1  leve l 
* - s i gn i f i c an t  at . 0 5 leve l 
2 ** 
* 2 
** 2 
** 3 
3 ** 
* 3 
** 
4 
4 
4** 
4 
** 
3 
** 
2 
........ 
0 
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Amb i ent a i r tempe ratu re entered c omb i na t i ons 1 and 2 
thi rd , and c omb i n a t i ons 3 and 4 l a st . Thi s may i ndi c ate 
that the hi ghe s t  c o l l e c t o r  a i r f l ow rate s l o st l e s s  energy 
to the env i ronment , thu s b e i ng l e s s  a f fe c ted by i t . A l s o , 
the re wa s l e s s  var i at i on i n  amb i ent tempe r a ture in 
c omb i nati ons 3 and 4 .  
Tempe rature 
l a s t  t o  ente r 
o f  the water ente r i ng the c o l l e c to r  was 
c omb i nati ons 1 and 2 ,  thi rd t o  ente r 
c omb i nat i on 3 and s e c ond to ente r c omb i nat i on 4 .  Thi s  may 
i ndi c ate that at hi ghe r c o l l e c to r  ai r f l ow r a t e s and 
i nc r e a s i ng tank e l evati ons , the ene rgy c o l l e c ted by the 
system i s  affe c ted mo re by the i nc omi ng wat e r  temp e r a ture 
than hour ang l e  and amb i ent tempe rature . I n  c omb i na t i on 2 
the addi t i on o f  i nc om i ng water tempe rature w a s  no t 
s i gni fi c ant , whi ch su gge s t s  that at low ai r f l ow r a t e s  the 
he at l o s s  from the system i s  l a rge and ha s mo re e f f e c t  on 
system performanc e than i nc om i ng wate r tempe rature . 
O utp ut Wate r Tempe ratu re 
P r edi c t i on equ a t i ons fo r the temperature o f  the water 
l e av i ng the c o l l e c to r ,  at the end o f  a 30 m i nute i nt e rv a l , 
are gi ven i n  T ab l e  7 f o r  e ach a i r f l ow and t ank e l evat i on 
c omb i nati on . T ab l e  8 summari z e s  the o rde r i n  whi ch the 
vari ab l e s  ente red the 
u s ed are l i sted at 
I nso l at i o n i s  in terms 
reqre s s i on ana l yse s .  ( The v a r i ab l e s  
the begi nning o f  thi s s e c t i on . ) 
o f  the ene rgy av a i l ab l e  du r i ng the 
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previ ou s 3 0  m i nute s ,  a l though the output water t empe r atu re 
i s  di rec t l y  re l ated to the intens i ty o f  the i ns t antaneous 
s o l ar radi ati on . The u s e  of ene rgy av a i l ab l e  dur i ng the 
previ ou s 3 0  minute s i s  j u s t i f i ab l e  bec au s e  i t  i s  a me a sure 
of the ave rage so l a r  radi ati on i ntens i ty ,  whi ch u sua l l y  doe s  
no t change sub s tant i a l l y  ove r a 3 0  mi nute pe r i od . 
I ns o l at i on ent e red the stepwi s e  regre s s i on f i r s t  i n  a l l  
c omb i nati ons exc ept 3 ,  whe re ave rage t ank t emp e r ature 
ente red f i r s t . In thi s c a s e , the ave r age t ank temp e r ature 
was mo re c l o s e l y  c o rre l a ted to the water output t emp e r ature 
than was i n s o l a t i on . Ave rage tank temp e r a ture ente red 
s e c o nd i n  
c o rre l a t i on 
c omb i n a t i ons 1 ,  
b e twe en ave r age 
2 and 4 ,  i ndi c at i ng good 
tank temperature and wate r 
output temp e r a ture . - I t  may be that i n s o l at i on i s  mo re 
hi gh l y  c o r re l ated to wate r output temp e ratu r e  e a r l y  in the 
day , whi l e  ave r age tank temperatu re i s  mo re hi ghly 
c o r re l ated l a te r i n  the day . E a r l y  i n  the day wate r output 
tempe rature i nc re a s e s  r ap i d l y  wi th i nc re a s i ng i n s o l at i on ,  
whi l e  l ater when i n s o l at i on i s  dec re a s i ng ,  the wate r  
output temp e r ature 
i nc re a se s . Thi s i s  
do e s  
du e 
no t 
to the 
de c re a s e , and 
hi ghe r wate r  
s ome t i me s 
t emp e r ature 
ne eded to ma i nt a i n  the rrno syphoni c f l ow as recyc l i ng begins 
and the wat e r  temp e r ature ente r i ng the c o l l e c t o r  i s  hi ghe r 
than e ar l i e r  in the day . 
Comb inat ion 
2 1 .  H3=405 kg/hr H =0 . 3 m 
2 .  H=2 8 1  kg/hr 
H=0 . 3  m 
3 .  H=5 0 4  kg/hr 
H= O . 6 m 
4 .  r-1=504  kg/hr 
I-1=0 . 9 m 
TABLE 7 
Pre di c t ion Equa t ions  for 
.
output Wat e r  Temp e ra t ure 
S t ep Equa t i on 1 
1 Two= 4 . 15 2 1  + 2 2 . 1  
2 Two= 3 . 1 10 1  + . 440Tt + 16 . 0  
3 Two= 3 . 35 6 1  + . 32 8Tt + . 4 1 7Tw 
+ 1 1 . 6  
R2 
. 7 3 8 4  
. 9 2 9 6  
. 9 3 8 3  
f 
400 . 74 
3 82 . 9 7 
19 . 7 8 
1 Two= 3 . 8 30 1  + 2 0 . 1  . 94 6 6 6 0 3 . 0 5  
2 Two= 3 . 05 3 1 + . 2 7 4Tt + 15 . 4  . 9 8 6 9  10 1 . 46 
3 Two= 2 . 86 31 + . 2 7 4Tt  + 1 . 2 94Tw . 9 8 86 4 . 7 0 
+ 1 . 0  
1 Two= . 5 5 3Tt + 2 9 . 0  
2 Two= 2 . 6 36 1  + . 3 7 5Tt . + 1 7 . 5  
3 Two= 3 . 0 15 1  + . 35 2Tt  + . 3 30Tw 
+ 14 . 2  
1 Two= 3 . 5 2 7 1  + 2 4 . 2  
2 Two= 2 . 5 2 2 1  + . 4 39Tt  + 1 7 . 9  
3 Two= 2 . 7 30 1  + . 2 46Tt + . 3 30Tw 
+ 16 . 6  
. 6 15 8  
. 9 2 85 
. 9 45 3 
. 70 6 2  
. 9 3 5 6 
. 9 5 80 
1 3 1 . 4 3 
3 5 4 . 3 0 
2 4 . 5 3 
16 8 . 2 6 
2 45 . 6 8 
3 6 . 3 1 
Re qui re d F 
. 05 . 0 1 
3 . 9 2 
3 . 0 7 
2 . 6 8 
4 . 1 7  
3 . 3 2 
2 . 9 2 
4 . 0 0 
3 .  15 
2 . 7 6 
4 . 00 
3 .  15 
2 . 7 6 
6 . 85 
4 .  7 9  
3 . 9 5 
7 . 5 6 
5 . 3 9 
4 . 5 1 
7 . 0 8 
4 . 9 8  
4 . 1 3 
7 . 0 8 
4 . 9 8 
4 . 1 3 
1 .  Two= temperature of wat e r  le aving -co lTect:or a t  the end�o f  a 30  minute in t e rva l , c 
I= ave rage ins o l a t ion ove r  30 minute int erva l , kW 
Tt= ave rage wat e r  s torage t emp e rature at b e ginning o f  30  minute int e rva l , C 
Tw= tempe ra ture o f  wate r en te rin g  co l le c t o r  a t  b e g inning o f  30  minute int e rva l , C 
2 .  M= co l le c t or air flow rate 
H= e levat ion o f  wate r  s torage t ank above co l le ctor  out l e t 
........ 
w 
TABLE 8 
Order o f  Var i ab l e s  for Outriut Wat e r  Temp erature 
Comb inat ion Ins o l at i on Average Tank Temperature 
1 .  
M= 405 k g / hr 
H= 0 . 3 m 
2 .  
M= 2 8 1  k g / hr 
H= 0 . 3 m 
3 .  
M= 5 0 4  k g/hr 
H= 0 .  6 m 
4 .  
M= 5 0 4  kg / hr 
H= 0 .  9 m 
1** 
1** 
** 2 
1** 
**- s ign i fi cant at � 0 1 leve l 
* - s i gn i f i c ant at . 05 leve l  
** 2 
2** 
1** 
2 ** 
Temperatur e  o f  
Wat e r  En tering C o l le c t o r  
** 3 
3* 
** 
3 
** 3 
......... 
.t'-
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I nc omi ng wat e r  tempe rature entered a l l c omb i nat i ons 
l a s t  bec au s e  throughout mo st o f  the day , unt i l s t o rage 
re c yc l i ng began , i t  remai ned f a i r l y  c ons t ant . A l s o , eve ry 
day o f  data in e ac h  c omb i nat i on wa s started wi th ave rage 
wat e r  storage temp e r atu re s in a narrow range , p rovi d i ng 
s i mi l ar i nc oming wate r temperature s i n  e ach . One day o f  
d a t a  ( Augu s t  8 ,  1 9 82 ) i n  c omb i nati on 2 ,  whi ch w a s  no t 
i nc luded i n  the ana l y s i s ,  had an i ni ti a l wat e r  s t o r age 
tempe r ature about 5 .  6 de gree s c enti gr ade hi ghe r than the 
o the r -three days ana l yz ed in thi s comb i nati on . I nc lu s i o n o f  
thi s day i n  the regre s s i on ana l y s i s c au s e s  the c o e f f i c i ent 
for i nc omi ng wate r temp e rature in the p redi c t i on equ a t i on 
for c omb i nati on 2 ,  shown be l ow ,  to become negati ve . Thi s 
i ndi c at e s  that at a hi ghe r tempe rature , the i n c omi ng water 
pi cks up l e s s  he at c au s i ng a sma l l e r  temperature r i s e  in the 
i nc oming wate r . 
Two = 2 . 8 82 I - . 9 2 0Tw + . 5 1 8Tt + 5 7 . 9  
Time o f  day w a s  not u s ed as a vari ab l e  i n  thi s ana l y s i s 
bec ause i t  i s  re l ated to the ave rage water s t o r age 
tempe ratu re , whi ch va r i ed s i mi l a r l y  i n  e ach c omb i na t i on on 
days w i th s imi l a r  i n so l at i on . F i gure 18 i l lust rate s how the 
ave rage water storage temp e rature vari ed throughout the day 
on s i m i l a r i n so l at i o n days in e ach c omb i nat i on . The 
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i nc omi ng water temp e r atu re i s  a l s o  i nc luded , and both are 
adj u s ted fo r i n i t i a l  temperature di ffe renc e s  of 2 to 3 
de gre e s  c enti gr ade � 
The adj u s ted wate r s t o r age temperature , when mu l t i p l i ed 
by the wate r ma s s  i n  the sto rage t ank and the spec i fi c  he at 
o f  wate r , i s  a di r e c t  me a su re of the ene rgy c o l l e c t ed at any 
time du r i ng the day . The hi ghe s t  c o l l e c to r  a i r f l ow rate 
and hi ghe st sto r age e l evati on c o l l e c ted the mo s t  ene rgy , 
wi th the l owe st a i r  f l ow r ate and t ank e l evat i on c o l l e c t i ng 
the l e a s t . 
The i nc om i ng wat e r  tempe ratu re r e f l ec t s  the amount o f  
t i me requ i red f o r  the wat e r  t o  c yc l e  through the s t o r age one 
time . A s  shown i n  Tab l e  9 ,  the sho rt e s t  rec i rcu l at i on t ime 
o c curred i n  
c omb i nati on 
c o mbi nat i on 4 l  
2 .  The ave r age 
whi l e  the 
f-l ow rate , 
l onge s t  w a s  i n  
i n  ki l o gr am s  per 
hou r , requi red to c i rcu l ate the 450 ki l ogram s  of wate r above 
the sto rage out l e t , i s  a l s o shown . 
Fi gure 1 8  a l s o i l l u s trate s that the i nc omi ng water 
_ temperature appro ache s the ave r age t ank temp e r atu re mo re 
qui c kly i n  c omb i nat i on 4 ,  i ndi c at i ng a mo re uni fo rm wat e r  
storage temperature . 
.,......_ u 
.....__, 
� :::::> H � � P-1 £5 H 
35  
30  
2 5 
2 0  
1 5  
10 
5 
0 
9 : 00 
AVERAGE TANK TEMPERATURE AND INCOMING WATER 
TEMPERATURE THROUGHOUT THE DAY 
10 : 00 1 1 : 0 0 12 : 0 0 1 3 : 00 14 : 00 
LOCAL SOLAR T IME 
. 4 
1 
3 * 
4i 
2 
3 i  
l i 
2 i 
1 .  July 2 8 , 1 9 8 2 
M= 405 kg/hr 
H= . 3 m 
2 .  Augus t 16 , 1 9 8 2  
M =  2 8 1  k g / hr 
H= . 3 m 
3 .  Augus t 2 5 , 1 9 8 2  
M= 5 04 k g / hr 
H= . 6 m 
4 .  S ep t embe r  1 ,  1 9 8 2  
M= 5 0 4 kg / hr 
H= . 9 m 
M= co l le c t or a ir f l ow 
H= t ank e le va t ion 
15 : 0 0 * i= inc oming wat e r  
t emp e ra t ure 
Figure 1 8 :  Ave rage Tank Temperature and In coming Wat e r  Temp e ra ture a s  a Fun c t ion 
o f  T ime o f  D ay 
"' 
......., 
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TABLE 9 
Water S t o r age Rec yc l i ng T i me and Ave rage F l ow Rate 
Comb i nati on 
1 
2 
3 
4 
Rec yc l i ng T i me ( hr )  
4 . 0  - 4 . 5  
5 . 0  - 5 . 5  
3 . 5 - 4 . 0  
3 . 0  - 3 . 5  
Ave rage F l ow 
1 0 1  -
82 -
1 1 4  -
1 3 0  -
Rate ( k g/hr ) 
1 1 3 
9 1  
1 3 0  
1 5 1 
Fi gu re s 1 9  t o  22 show the temperatu re s  i n  the water 
s t o r age tank , a t  14 equ a l l y  spaced leve l s ,  every 30 m i nut e s 
f o r  e ach o f  the fou r days i l lustrated i n  Fi gu re 1 7 . The 
s to rage outl e t  wa s l o c ated between l eve l s  1 and 2, 
exp l ai n i ng why l eve l one change s tempe ratu r e s only s l i ght l y  
throughout the d a y . The water be l ow the out l e t  i s  no t 
c i rcul ated and i nc r e a s e s  i n  temper ature due to conduc t i on 
onl y . At hi gher c o l l e c to r  a i r f l ow rate s and s t o r age 
e l evati ons , the wat e r  sto rage tempe ratu re s  a re more uni f o rm 
at the end o f  the day ,  i ndi c at i ng l e s s  s t o r age 
strati f i c at i o n  at the h i ghe r water f l ow rate s . 
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I n te rp retation of E x pe r i me n ta l Re s u l ts 
The p revi ou s s e c t i ons ana l yz e  the 1 9 8 1  and 1 9 82 s o l a r 
wat e r  he at i ng s y s tems i n  te rm s  o f  pe rc ent e f f i c i enc y ,  dai l y  
and hou r l y  ene rgy c o l l e c ted and output water temp e r a tu re . 
Add i t i on a l  i nf o rmat i on ,  whi ch i s  valuab l e  f o r  eva lu a t i ng the 
s o l ar w at e r  he a t i ng c onc ept and for s e l e c t i ng the b e s t  
de s i gn from among tho s e  ana l yz ed ,  i s  p rovi ded i n  thi s 
s e c t i on . Tab l e  1 0  summa ri z e s  the ave rage pe r fo rm anc e o f  
e ach system i n  te rm s  o f  ave rage dai l y  w a t e r  s t o r age 
tempe r atu re ri s e , ave rage l ength of c o l l e c t i ng day and 
ave rage t o t a l  i n s o l at i on str i ki ng the c o l l e c to r  sur f ac e . 
The pe rfo rmanc e o f  e ach system i s  no rma l i z ed fo r 
c omp a r i son i n  c o lumn s s i x and s even . Co lumn s i x  i s  the 
ave rage tempe r atu re r i s e  o f  the 0 . 45 cubi c me t e r  water 
sto rage per squ a r e  me ter o f  c o l l e c tor . Co lumn s even i s  the 
ave rage temperatu re r i s e  o f  the 0 . 45 cub i c met e r  wate r 
s t o r age per squ a re me t e r  o f  c o l l e c to r  per ave r a ge ki l owatt 
o f  i n s o l at i on s t r i ki ng the c o l l e c to r . The ave r age 
i nso l at i o n ,  in k i l owatt s , i s  the dai l y  i n s o l a t i on me a su red 
du r i ng the c o l l e c to r  ope rati on pe ri od divi ded b y  the t o t a l  
t i me o f  c o l l e c t o r  ope rati on . 
F rom c o lumn s i x  i t  app e a r s  that the 1 9 8 1  s y s tem di d no t 
pe rfo rm a s  we l l  a s  the c omp a r ab l e  1 9 82 sys tem ( M= 4 0 5  kg/hr 
and H= 0 . 3  m )  i n  term s  o f  temperature ri s e  i n  the 0 . 45 cub i c  
meter wate r s t o r age p e r  square me ter o f  c o l l e c to r . One 
TABLE 10  
Average Performanc e o f  19 8 1  and 1982  Sys t ems 
Sys tem Ti l T £2 D -T 3 T ime 4 Ins o l a t i on 5 �T /A 6 VT / 1 7 
(C ) ( C ) (C2_ (hr ) (kWh ) (In C /m2 ) (m3C jm2 ) 
19 8 1  
M=446 kg /hr 1 7 . 7  40 . 4  2 2 . 7  5 . 2 5 45 . 7 6 . 6 85 6 1 . 1 72 
H= 0 . 3  m 
19 82 
H=40 5 kg/hr 1 3 . 8  4 1 . 1  2 7 . 3  6 . 5 0 6 4 . 2 2  . 8 2 45 1 . 2 4 3  
H=0 . 3  
M= 2 8 1  kg /hr 1 3 . 3  34 . 2  2 0 . 9  6 . 5 0 5 8 .  1 2  . 6 3 12 1 . 0 5 2  
H=0 . 3  m 
M=5 0 4  kg/hr 1 3 . 8  43 . 7  2 9 . 9  6 . 5 0 6 4 . 8 9  . 9 0 30 1 . 348  
H= O . 6 m 
1-1=5 0 4  kg /hr 12 . 9  42 . 4  2 9 . 5  6 . 5 0 6 3 . 1 5  . 8 9 0 9  1 . 3 6 6  
H=O . 9 m 
1 .  Ti= ave rage ini t i a l  s t orage temperature 
2 .  Tf= average final s torage temp erature 
3 .  D -T= average change in s torage t emperature throughout day 
4 .  Time= average length of co l le c t ing day 
5 .  Ins o lat ion= t o t a l  energy avai l ab le on co l le c tor s ur face throughout day 
6 .  VT /A= temperature r i s e  in s torage vo lume per s quare me ter of c o l le c t or 
7 .  VT / I= temp erature r i s e  in s torage vo lume p e r  ki lowa t t  o f  ins o l a t ion ( s quare me t e r  
b as i s ) 
00 
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exp l anati on f o r  thi s m a y  b e  that i n s o l ati on i n  1 9 8 1  ave raged 
73 p e rc ent of that in 1 9 82 . Thi s a l one wou ld tend to reduce 
the tempe r ature ri s e  i n  the wate r storage . Ano the r fac tor 
is  that the 1 9 8 1  s ys tem ave raged 5 . 2 5 hou r s  of  runni ng t ime 
per day ve r su s  6 .  5 0  hou r s  fo r the c omp a r ab l e  1 9 82 s y stem . 
Wi th ave rage i ns o l ati on and ave rage c o l l e c t o r  runn i ng t i me 
t aken i nto ac c ount in c o lumn s even , i t  sti l l  app e a r s  a s  
though the 1 9 8 1  system d i d  no t p e r fo rm a s  we l l  a s  the 
c omp a r ab l e  1 9 82 s y s tem . I f  the energy c o l l ec te d  b y  the 1 9 8 1  
sys tem i s  revi s ed upwa rd prop o rt i ona l t o  the i nc r e a s ed so l ar 
ene rgy whi ch wa s ava i l ab l e  i n  1 9 82 ( 1 9 8 1  i ns o l at i o n wa s 
approximate l y  9 0  p e rc ent . o f  the me a su red i n s o l at i on o f  the 
c omp a r ab l e  1 9 82 system ) , the va lue in c o l umn s even f o r the 
1 9 8 1 s y stem i nc re a s e s  t o  1 . 3 02 cub i c mete r s - degree s 
c enti grade p e r  
app roximate s the 
i ns o l ati on l eve l 
ki l owatt . Wi th thi s adj u s tment , whi ch 
1 9 8 1  s y s tem perfo rmanc e f o r  the s ame 
as the 1 9 82 s ystem , the 1 9 8 1 s y s tem ' s 
p e r f o rmanc e appe a r s  5 pe rc ent mo re e f fi c i ent than the 
c omp a r ab l e  1 9 82 s y s tem . 
H i gher e f f i c i ency for the 1 9 8 1  system ,  wi th a l l  o the r 
fac t o r s  the s ame , c ou l d  be expec ted bec au s e  the l i t e rature 
sugge s t s  that a back- p a s s  onl y sy stem i s  more e f f i c i ent than 
a s i ng l e - g l az ed ,  f ront and back-pa s s  sys tem f o r  mode r a t e  and 
hi gh temperature app l i c ati ons . The back -p a s s  o n l y  method 
o f fe r s  ano ther advantage , whi ch i s  a s i mp l e r , l e s s  expens i ve 
8 6  
c o l l e c to r  t o  bu i l d . F rom the re sul t s  di s cu s sed , i t  appe a r s  
that the back-pa s s  a i r f l ow wou ld be de s i r ab l e  f o r  the 
system . 
Othe r de s i gn r e c ommendati ons i nc lude an a i r f l ow rate 
o f  3 3 . 8  ki l ogr am s  per hou r per squ a re met e r  of c o l l e c to r  
( c o rre spondi ng to 5 0 4  ki l ogram s  pe r hour i n  the 1 9 82 
system ) , and an e l evat i on di ffe renc e o f  0 . 6  mete r s  be tween 
the top of the he at exchange r and the bottom out l e t  on the 
s t o rage t ank . Re su l t s  o f  the 1 9 82 ana l y s e s  i ndi c ate that 
the hi gher a i r f l ow rate and tank e l evat i on c an i nc re a s e  
e f f i c i enc y app roximate l y  2 2  and 3 pe rc ent , re spe c t i ve l y ,  and 
the s e  do no t i nvo lve propo rti o na l l y  that much added c o s t . 
Du r i ng the ye a r , the water he a t i ng p ac kage wou l d  mo st 
l i ke l y  be u s ed fo r app roxi mate l y  1 8 0  days , from Ap r i l 1 to 
S eptemb e r  3 0 . U s i ng month l y  ave rage s for i ns o l at i on 
ava i l ab l e  on a 6 0  degre e su rfac e , approximate l y  1 0 60 
ki l owatt-hou r s  o f  energy are · ava i l ab l e  p e r  he ati ng s e a son 
pe r squ a re me te r o f  c o l l e c tor . Wi th the s y s tem ope r a t i ng 
under the 
temper ature 
provi ded i n  
squ a re meter 
c ondi t i ons di scus sed e a r l i e r , an ave r age 
ri s e  o f  2 . 2 3 degree s c enti gr ade wou l d  be 
the 0 .  45 cubi c me t e r s  of water s t o r age per 
o f  c o l l e c to r  p e r  day . Throughout the he a t i ng 
s e a s on ,  a s sumi ng an ope rati ng effi c i enc y o f  2 5 . 8  p e r c ent , 
approx imate l y  2 7 3 ki lowatt -hour s  o f  ene rgy wou l d  be 
c o l l e c ted per squ a r e  meter of co l l e c to r . At 0 .  OS do l l a r s  
87 
per ki l owat t - hou r , a s avings o f  1 3 . 6 5 do l l a r s  per square 
me ter o f  c o l l e c to r  pe r ye ar i n  ene rgy c o s t s  wou l d  re sul t ,  
a s suming 1 0 0  p e r c ent uti l i z ati on o f  the c o l l ec ted ene rgy . 
C O N C LU S I O N S  
R e s e a rch w a s  c onduc ted a t  S outh Dako t a  S t ate Uni ve r s i ty 
to deve l op and eva lu ate a s o l ar wat e r  he a t i ng p ackage fo r 
the SE I - TE S  s y s tem . The s y stem wa s te sted wi th a i r  f l ow 
beh i nd
-
the ab s o rb e r  p l ate onl y in 1 9 8 1  and . a i r f l ow on b o th 
s i de s o f  the ab s o rbe r p l ate in 1 9 82 . The 1 9 82 s y s tem was 
te sted at di f fe rent c omb i nati ons o f  a i r f l ow r a t e  and 
stor age e l evat i on to de te rm i ne the i r  e ffec t s  on s y s tem 
e f fi c i enc y . The fo l l owing c onc lu s i ons we re re ached a s  a 
re su l t  o f  thi s s tudy : 
1 .  The S E I - TE S  s y s tem c an be e ff e c t i ve l y  uti l i z ed to 
he at water u s i ng an a i r - to - wate r he a t  exchange r ,  a 
r a i s e d  s to rage t ank and the rmo syphoni c f l ow . 
2 .  The 1 9 8 1  bac k-pa s s  sys tem was more e f f i c i ent than the 
1 9 82 system when c omp ared at the s ame c o l l ec to r  a i r 
f l ow rate and sto rage e l evati on . 
3 .  Fo r the di f f e rent c o l l e ctor ai r f l ow rate and s t o r age 
e l evati on c omb i nat i ons , the 1 9 82 system e ff i c i enc i e s  
we re : 
Ai r f l ow= 405 kgjhr , e l evati on= . 3  m E f f= 2 4 . 5% 
Ai r f l ow= 2 8 1  kgjhr 1 e l evati on= . 3 m E f f= 2 0 . 0% 
Ai rf l ow= 5 0 4  kgjhr 1 e l evati on= . 6  m E f f= 2 5 . 8% 
Ai r f l ow= 5 0 4  kgjhr , e l evati on= . 9 m E f f= 2 6 . 5% 
4 .  Co l l e c t o r  a i r f l ow rate had mo re e f fec t on s y s tem 
e ff i c i enc y than t ank e l evati on . 
5 .  A p redi c t i on equati on fo r system e ff i c i enc y f o r  the 
1 9 82 sys tem u s i ng c o l l e c t o r  a i r f l ow rate ( Mai r ) , 
i n s o l ati on ( ! )  and ave rage wind ve l o c i ty ( Vw )  was 
deve l oped . 
E ff = 2 0 . 6 9  + . 3 5 7Mai r - . 1 4 7 5 1 - 1 . 0 1 3 Vw 
- 88 -
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6 .  P redi c t i on equati ons for dai l y  ene r gy c o l l e c ted were 
deve l oped for the 1 9 82 sys tem f o r  e ach c o l l e ct o r  ai r 
f l ow rate and t ank e l evati on c omb i na t i on u s ing 
i n s o l at i on ,  w i nd ve l o c i ty ,  ave r age amb i ent 
temp e rature and i ni ti a l  wate r storage temp e r atu re a s  
var i ab l e s ( T ab l e  3 ) . 
7 .  P redi c t i on equati ons we re deve l oped f o r  hou r l y  ene rgy 
c o l l e c ted f o r  the 1 9 82 sys tem for e ach a i r  f l ow rate 
_ and stor age e l evat i on c ombi nati on u s i ng i n s o l ati on ,  
sun hour ang l e , ambi ent a i r temp e r atu re and 
temp e r ature of the water ente r i ng the c o l l ec to r  a s  
va r i ab l e s ( T ab l e  5 ) . 
8 .  P redi c t i on equati ons we re deve l oped fo r output water 
temp e r ature fo r the 1 9 82 system fo r e ach c o l l e c to r  
a i r f l ow rate and sto rage e l evat i on u s i ng i n s o l at i on ,  
ave r age sto rage tempe rature and i nc om i ng wate r 
temp e ratu re a s  vari ab l e s ( T ab l e  7 ) . 
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1 8 . Me ado r , N e i l F . , Le s Egge rman and Kenneth L .  Mc F ate . 
1 9 7 8 . S o l ar he a t i ng o f  water fo r b ab y  p i g  
envi ronment a l  c ontro l ,  P ro c e edings o f  the Conf e rence on 
So l a r  Ene rgy for Live s tock P roduc t i on ,  Novemve r 2 8 - 2 9 , 
Co l l e ge P ark ,  Mary l and , pp . 1 1 3 - 1 2 0 . 
1 9 . Nat i ona l S c i enc e Foundat i on . 1 9 7 6 . 
app l i c at i ons i n  agri cu l ture -potent i a l  
and adopt i on st rategi e s , P repared 
Agri cu l tu r a l  Expe ri ment S t ati on ,  
Maryl and , Co l l e ge P ark , 3 0 5  pp . 
S o l a r ene rgy 
re s e a rch needs 
f o r  ARS - USDA , 
Uni ve r s i ty o f  
92 
· 2 0 . Ong , K .  S .  1 9 7 4 . A f i ni te di f fe renc e me thod to 
eva luate the the rma l  perfo rmanc e o f  a s o l ar water 
he ate r ,  S o l a r  Energy 1 6 : 1 3 7 - 1 47 . 
2 1 . Ri l e y ,  Wi l l i am ,  J r . ,  Robe rt J .  Moody , John P .  Mc B r i de 
and Gi l l s  J .  F avard . 1 9 82 . P e rfo rm anc e moni t o r i ng 
re su l t s  fo r dome s t i c so l ar ho t wate r he at i ng s y s tems 
cons truc ted in the s o l ar uti l i z at i on , e c onomi c 
dep l o yment and emp l o yment ( SUEDE ) program ,  P ro c eedi ngs 
o_f 1 9 82 W i nd and So l a r  Ene rgy Te chno l o gy Confe renc e , 
Co lumb i a ,  Mi s s ou r i , 45 7 pp . 
2 2 . Rode , Dona ld W .  1 9 7 9 . Po rtab l e , 
c o l l ec t o r s , So l a r Gra i n  Drying 
2 7 - 2 8 , Ame s ,  I owa , pp . 8 7 - 9 4 . 
mu l t i pu rpo s e  
P ro c eedi ngs , 
s o l a r  
Ma rch 
2 3 . Shi t z e r , A . , D .  Ka lmanovi z ,  Y .  Zvi rin and G .  Gro s sman . 
1 9 7 8 . Expe r i ment s wi th a f l at p l ate s o l a r water 
heat i ng sys tem i n  the rmo syphoni c f l ow , S o l ar Ene rgy 
2 2 : 2 7 - 3 5 . 
2 4 . Smi th C .  C .  1 9 7 8 . 
agri cu l ture , Co lo rado 
Co l o rado 8 0 5 2 3 . 
Mu l t i p l i  u s e  so l a r sys tem f o r  
S tate Uni ve r s i ty ,  Fo rt Co l l i ns , 
2 5 . Sp i l lman , C .  K . , F .  V .  Robb i n s  and R .  H .  H i ne s . 1 9 7 8 . 
So l a r Ene rgy f o r  reduc i ng fo s s i l  fue l u s age i n  
far rowi ng hou se s ,  P ro c eedi ngs o f  the Confe renc e o f  
So l a r Ene rgy fo r L i ve stock P roduc t i on ,  Novembe r 2 8 - 2 9 , 
Co l l ege P a rk ,  M a ry l and , pp . 1 5 7 - 1 7 3 . 
2 6 . Stip anuk , D .  M . , R .  K .  Koe l sh and R .  C .  Robe r g . 1 9 7 9 . 
Ene rgy and ec onomi c ana l ys i s o f  he at rec ove ry vs . s o l a r 
wate r he a t i ng on dai ry farms , ASAE P ap a r  No . 7 9 - 3 5 3 7 ,  
ASAE , S t � Jo seph , Mi chi gan 4 9 0 8 5 . 
2 7 . Stout , B .  A .  and C .  A .  Mye r s . 1 9 7 8 . Agr i cu l tu r a l  
app l i c at i ons o f  so l a r ene rgy , P roceeding s  o f  the Annua l  
Mee t i ng o f  the Ame ri c an Secti on o f  the I nt e rnati o nal 
So l a r Ene rgy S o c i e ty , I nc : So l e r  D i ve r s i f i c at i o n ,  
Denve r .  Co l o rado , Augu s t  2 8 - 3 1 ,  1 9 7 8 Tuto r i a l s  Vo lume , 
pp . 1 4 9 - 1 5 6 . 
2 8 . S tudman , C .  J .  1 9 7 9 . Onc e- through s o l ar water he a t e r  
sys tem fo r f a rm dai r i e s , Journal o f  Agri cu l tu r a l  
Engi nee r i ng Re se arch 2 4 : 1 49 - 1 5 6 . 
2 9 . Trotte r , W .  K . , W .  G .  He i d ,  J r . and R .  G .  Mc E l roy . 
1 9 7 9 . So l a r Ene rgy for agr i cu l ture : revi ew o f  re s e a rch , 
E S C S - 6 7 , Na t i onal Ec onomi c s  Divi s i on ,  E c onomi c s , 
9 3  
S t ati s t i c s  and Coope rative s Servi c e ,  USDA , Wa shi ngton , 
D . C .  2 02 5 0 . 
3 0 . Wi e r sma , Frank and D .  L .  Larson . 1 9 7 8 . S o l a r he at 
recov e ry s y s tem s to he at water for dai ri e s , P ro c e edings 
of the Confe renc e o f  So l ar Ene rgy for L i ve stock 
P roduc t i on ,  Novemb e r  2 8 - 2 9 , Co l l ege P a rk ,  M a ry l and , pp . 
1 8 7 - 1 9 6 . 
3 1 . Vaughn , D . H .  , B . 
S o l a r he ating o f  a 
ASAE 2 3 ( 1 ) : 1 5 0 - 1 5 6 . 
J . Ho lme s and E . S . Be 1 1  . 1 9 80 . 
swi ne nu r s e ry , Tran s ac ti o n s  o f  the 
A p pe n d i x  A 
1 981 A N D  1 982 T E S T  DATA 
Data f rom the 1 9 8 1  and 1 9 82 te s t s  are p r e sented . The 
1 9 8 1  data a re pre sented i n  Tab l e  Al . The 1 9 82 data are 
p r e s ented in T ab l e  A2 . 
- 9 4  -
·I'a n K  El e va t i on = 0 .  3 m 
·rAB L E  A l : 1 98 l '11e 3 t Da t a  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Oa t �  - time r a- i 'l'a - o  'lW - i 1l'w - 0 ·.r ta n k ivlw a t r•la ir  c:n e r - ta n k I n s  Bt £ - �v 
( C ) ( C ) (C ) ( c )  ( c )  ( kg /n r ) ( Kg jnr ) ( k wn )  ( K ��'!l ) ( � )  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 8 . 3  
0 . 6 7 1 3  2 . 2 3 1 2  3 0 . 1 
0 7 : 2 1 : 1 0 : 3 0  3 7 . 4 2 7 . 0  1 8 . 7 3 2 . 6  1 � . s d J  4 4 6  
o . o ti 6 7 2 .  2 0  5 7  J u . 2  
0 7 : 2 1 : 1 1 : 0 0  4 0 . 9 2 8 . 0  1 8 . 4  3 4 . 3  2 0 . 7  U 7  4 4 6  
1 . 0 7 1 2 3 . 0 6 9 0  3 4 . 9 
0 7 : 2 1 : 1 1 : 3 0  4 3 . 4 2 Y . O l d . U  3 5 . o 2 2 . o  � 1  4 4 6  
0 . 9 � ti l :) . 2 3 2 J  l d . 3  
0 7 : 2 1 : 1 2 : 0 0 4 8 . 1 3 0 . 3 1 d . 9 3ti . u 2 4  •· 3 9 :1  4 4 6  
1 . 5 0 2 9  � .  5 3 0  b 2 7 . 2 
0 7 : 2 1 : 1 2 : 3 0  6 3 .  2 3 3 . 2 1 8 . 5 4 3 . 8 2 6 . 9  1 2 7 ' 4 4 6  
1 . 7 6 6 d  4 . 3 9 5 4  4 0 . 2 
0 7 : 2 1 : 1 3 : 0 0  5 3 . 2 3 2 . 0  1 9 . 1 4 0 . 4  3 0 . 0 1 0 6  4 4 6  
l .  3 7 1 4  :5 . 3 5 2 5  2 5 . 6  
0 7 : 2 1 : 1 3 : ) 0  5 0 . 8 3 2 . 2  1 9 . 6 4 0 . 1 3 2 . 4  9 7  4 4 6  
1 .  s 9 4  9 b . 1 7 8 :)  2 5 . d  
0 7 : 2 1 : 1 4 : 0 0  6 5 .  2 3 6 . 4  2 2 . 1 4 6 . 5 3 5 . 3  1 2 7 4 4 6  
1 . 6 4 9 7  S . 9 1 6 1 2 7 . 9 
0 7 : 2 1 : 1 4 : 3 U 6 7 . 1J 4 0 . 9 2 7 . 5 s u . o 3 8 . 2 1 2 8 4 4 6  
1 . 3 7 6 9  s . d J Y u 2 3 . 6 
0 7 : 2 1 : 1 5 : L) 0  6 4 . 8 4 2 . o  3 1 . 7 5 0 . s 4 0 . 6 1 2 o 4 4 6  
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( kg /h r ) ( k-:1 /tlr ) 
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u . 3 6 6 2  2 .  2 a u  7 1 6 . 1  
0 7 : 2 2 : 1 0 : 0 0 3 1 . 7 2 5 . 4 1 7 . 9 2 9 . 0  1 7 . 3  6 1  4 4 6 
0 . 5 7 8 5 3 .  3 2 4  u 1 7 . 4 
0 7 : 2 2 : 1 0 : 3 0  3 9 . 4  2 7 . 4  1 7 . 5 3 2 . 9  1 8 . 8  8 4  4 4 6 
0 .  7 4 8  3 4 . 0 1 7 5  1 8 . 6  
0 7 : 2 2 : 1 1 : 0 0  4 5 . 5 2 9 . 0 1 7 . 2 3 5 . 8 2 0 . 1 9 4  4 4 6 
1 .  1 3 2  9 4 . d 7 3 l  2 3 . 2 
0 7 : 2 2 : 1 1 : 3 0  5 3 . 5 3 1 . 0 1 7 . 4 3 9 . 1 2 2 . 1  1 1 1  4 4 6  
1 . 7 2 5 7 5 .  5 6  7 4 3 1 . 0 
0 7 : 2 2 : 1 2 : 0 0  6 3 .  0 3 3 . 2 1 7 . 4 4 3 . 2 2 5 . 1 1 2 3 4 4 6  
2 . 0 3 2 6 5 . 7 5 5 5  3 5 . J  
0 7 : 2 2 : 1 2 : 3 0  6 8 . 4 3 4 . 1  1 7 . 0 4 5 . 3 2 8 . 7  1 3 u  4 4 6  
2 . 1 0 0 2  6 . 3 2 1 2 3 3 . 2 
0 7 : 2 2 : 1 3 : 0 0  6 8 .  '4 3 5 . 1 1 8 . 3 4 6 . 3  3 2 . 4  1 2  7 4 4 6  
2 .  0 0 8 1 6 .  7 4 3 6  2 � . 8 
0 7 : 2 2 : 1 3 : 3 0  6 7 . 2  3 6 . 7  2 1 . d 4 7 . 4 3 5 . � l 2 d  4 4 6  
1 . 6 0 0 7  6 . 4 7 4 0  2 4 . 7  
0 7 : 2 2 : 1 4 : 0 0 6 5 . 3 3 9 . 1  2 6 . 3  4 8 . 5  3 8 . 8  12 0 4 4 o  
1 . 2 5 7 4  s . o 1 1 9  2 2 . 4  
u 7 : 2 2 : 1 4 : 3 0  6 6 . 5  4 1 . 9 2 9 .  u 5 L) . 2 4 1 . u 1 2 9 4 4 6  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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'I' Ad L t;  A l  ( ca n t . ) : 1 9 ti 1 ·re s t  Da t a  
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Da t e  - t ime 'l'a- i 'l'a- o �Iw - i 1.1'w- o '.l'ta n k  Mw a t  L'ki ir bne r - ta n k  I ns Bt f - w  
( C ) ( C ) ( C ) ( c )  ( 'C ) ( kg /11 r ) ( kg /hr ) ( k Wh )  ( k v�h ) ( % )  
- -- - ---- - - --- ------------- ------- --------- - - - - - - - - - - - - - - - - -- - - - -- - - - -- - - - - - - - - - - - - -
1 7 . Y 
0 . 2 9 l d  2 . 7 2 0 0  1 0 . 7 
0 7 : 2 3 : 0 9 : 3 0  3 5 . '1 2 6 . 1  1 8 . 1 3 ll . 7 1 d . 4 7 6  4 4 6  
0 . 8 1 0 3  3 . 4 2 0 d  2 3 . 7 
0 7 : 2 3 : 1 0 : 0 0 3 8 . 4 2 7 . 3  1 8 . 2 3 2 . 6  1 9 . d  8 3  4 4 6  
0 . 7 4 6 6  4 . 0 7 9 4  1 d . 3  
0 7 : 2 3 : 1 0 : 3 0  4 4 . 1  2 8 . 4  1 7 . 2 3 4 . 7 2 1 . 1 9 6  4 4 6 
1 .  1 4 2  3 4 .  6 16 I) 2 4 . 7  
0 7 : 2 3 : 1 1 : 0 0 51 . 3 3 1 . 1 l ti . 6  3 8 . 8 2 3 . 1 1 0 7  4 4 6  
1 . 4 d 4 5  5 . 0 2 7 9 2 9 . 5 
0 7 : 2 3 : 1 1 : 3 0  5 6 . 6 3 2 . 1  1 8 . 4 4 1 . 0  2 5 . 8 1 1 6 4 4 6  
1 . 7 u U 3  5 . 4 4 7 5  3 1 . 2 
0 7 : 2 3 : 1 2 : 0 0  6 3 . 1 3 3 . 5 l H . b  4 3 . 7 2 8 . 8  1 2 6 4 4 6  
1 . 13 7 7 0  5 . 7 2 2 6 3 4 . 5 
0 7 : 2 3 : 1 2 : 3 0 6 8 .  J 3 4 . 9  1 8 . 9  4 6 . 1  3 2 . 2  1 3 1  4 4 6  
2 .  1 9 6 6  5 . 8 7 5 5 3 7 . 4 
0 7 : 2 3 : 1 3 : 0 0  7 2 . 1 3 7 . 5 2 2 . 4  4 9 . 2 3 6 . 1  1 3 8  4 4 6  
1 .  9 0  � d  6 . 0 4 4 9 3 l . G  
0 7 : 2 3 : 1 3 : 3 0  7 5 . 0 4 1 . 6 2 8 . 7  5 2 . 5  3 Y . 5 1 5 0 4 4 6  
1 . 6 4 4 � o . lHi 2 6  2 7 . 0 
0 7 : 2 3 : 1 4 : 0 0 6 � .  5 4 3 . U 3 2 . 2  5 2 . 7 4 2 . 4  1 J 9 4 4 6 
1 . 4 2 6 4  5 .  d �0 5 2 4 . 2  
0 7 :  � J :  14 : 3 0  7 5 .  'l 4 6 . 6  3 5 . 4 5 6 . 1  4 4 . 9 1 5 0  4 4 6  
---- ----- - - -- -- - - -- -- - --- - - -- - - - - - - - -- - - -- - - - - - -- - -- - -- - - - - -- -- - - --- - - -- - - - - - - - - - - -
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·ra n k  El e va t i on = u .  3 m 
·r At3 L E A 1 ( con  t • ) : 1 9 8 1  ·11c .S t Da t a  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Da t a - t im e  'I'a- i ·ra- o 'IW - i ·rw- o 'I'ta n k  i\iw a t  Ma i r  En e r - ta n K  Ins Bt .c - w  
( C ) (C )  (C ) ( c )  ( C )  ( kg /hr ) ( K g  /hr ) ( �< wn )  ( k Wh ) ( % )  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 7 . 7 
0 .  2 3 0  9 J .  7 d d 7 2 9 .  J 
v 8 : 1 4 : 0 -:J : 3 0  2 7 . d 2 3 . 9 1 8 . 1  2 7 . 0  1 8  . l  4 7  4 4 6  
0 .  5 6  7 4 0 . 7 6 5 4  7 4 . 1  
0 8 : 1 4 : 1 0 : 0 0 2 6 . 17 2 3 . 6 1 8 . 2  2 6 . 2  1 9 . 1 4 1  4 4 6  
0 . 2 d 3 4  1 .  7 0 5 7 1 1 . 9 
0 8 : 1 4 : 1 0 : 3 0 3 4 . 3 2 6 . 3  1 8 . 5 3 1 . 6 1 9 . 5 6 5  4 4 6  
0 . 6 7 2 7  2 .  2 6  4 3 2. 9 . 7 
0 8 : 1 4 : 1 1 : 0 0  3 7 . d  2 7 . 5  1 d . 3 3 4 . 3  2 0 . '7 6 9  4 4 6 
0 . 8 6 0 0 1 . 9 l u u  4 5 . 0 
0 8 : 1 4 : 1 1 : 3 0  3 7 . 4 2 7 . 4  1 8 . 3  3 4 . 1 2 2 . 2  6 8  4 4 6  
0 . 6 7 4 0  1 . d J o 9  3 6 . 7  
0 8 : 1 4 : 1 2 : 0 0  3 4 . 4 2 6 . 9  1 8 . :)  3 1 . 9 2 3 . 4 5 9  4 4 6  
0 .  6 5 � 4  1 .  9 8  5 1  3 3 . 2 
0 8 : 1 4 : 1 2 : 3 0  3 3 . 6 2 6 . 8 1 8 . 6  3 1 . 3 2 4 . 6  5 8  4 4 6  
0 . 8 6 0 8  3 .  5 4  2 d  2 4 . 3  
0 8 : 1 4 : 1 3 : 0 0  5 4 . 1  3 2 . 3 1 9 . 1 4 1 . 1 2 6 . 1 1 0 6  4 4 6  
l . d l 2 9  5 . 6 3 1 6  J 2 . 2 
0 8 : 1 4 : 1 3 : 3 0  6 2 . 6  3 4 . g . 1 9 . 6 4 7 . 4 2 9 . 3 1 0 7  4 4 6  
1 . u 6 0 3  6 . 0 6 7 7  3 u . 7  
0 8 : 1 4 : 1 4 : 0 0 6 5 . 8 3 6 . 8  2 2 . 2  4 � . 9 3 2 . 5  1 1 2 4 4 6  
l .  5 4 6 6  4 . 7 0 2 6  3 2 . � 
0 8 : 14 : 1 4 : 3 0 6 0 . 4 3 7 . 7 2 5 .  6 4 9 .  0 3 5 . 3 1 0 4  4 4 6  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
\0 
00 
1 .  Tank E l evat ion= vert i ca l  di s t ance be tween t ank out le t and co l le ct o r  out le t , m 
2 .  D ate -Time= mon th : day : hour ( lo c a l  s t an dard t ime ) : minut e s  
3 .  Ta - i= temp e rature o f  a i r  en te ring tne he at e xchange r ,  C 
4 .  Ta-o= temp e rature o f  air le aving the he a t  e xchanger , C 
5 .  Tw- i= temp erature o f  water en t e r in g  the he at exchanger ,  C 
6 .  Tw- o= temperature o f  w�ter le aving the he at exchanger , C 
7 .  T t ank= average temp e rature o f  the wat e r  s t orage , C -
8 .  Mwat= average water f l ow rate during 30 minute int e rva l , k g / hr 
9 .  Mair= air flow rate in the co l le ctor , kg/hr 
10 . Ene r - t ank= ene rgy adde d to  water s torage during 3 0  minute in t e rva l , kWh 
1 1 . In s=  ave rage ins o l a t i on from me a s urement s  t aken a t  the b e g inning an d end o f  the 
30 minute in terva l , kWh 
12 . E ff-W= Ene r - t ank / In s  for the 30 minute interva l , % 
\.0 
\.0 
'£AJ3 L£ A 2 : 1 9 d 2  ·re s t  oa t a  
·ra n k  El e va t i on = 0 .  3 m 
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Da te - t ime Ta - i 'l'a- o ::rw - i 'l'w- o ·rta n k  Nw a t  i'1a i r  t;n e r - ta n K  I n s  t; [  .( - �� 
( c )  (C ) ( c ) ( c )  ( c )  ( Kg /tl r  ) ( kg /nr ) ( k Wn )  ( k �� il ) ( %)  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 3 . 6 
0 . 4 1 4 0  2 . 7 5 7 3  1 5 . 0  
0 7 : 2 ti : 0 9 : 0 0  3 2 . 5  2 3 . 3 1 3 . 7 2 9 . 7 1 4 . 3  5 6  4 0 5 
0 . 6 d 8 5 3 . 8 6 4 9 1 7 . H 
0 7 : 2 8 : 0 � : 3 0  3 9 .  '7 2 5 . 4 1 3 . 8 3 4 . 5  1 5 . 5 6 7  4 0 5  
0 .  9 6 3 8  4 . 5 6 3 3  2 1 . 1 
0 7 : 2 b : 1 0 : 0 0  4 6 . 5 2 7 . 3 1 3 . 8 3 8 . 1  1 7 . 2 7 7  4 0 5  
1 . 1 4 1 9  5 . 0 � 6'b 2 2 . 4  
0 7 : 2 ti : 1 0 : 3 0  5 2 . 4  2 H . 4  1 3 . 7 4 0 . 8 1 9 . 2 8 6  4 0 5 
1 .  5 2 3  7 5 .  6 1 1 0  2 7 . 2 
0 7 : 2 8 : 1 1 : 0 0  5 8 . 2 3 0 . 5 1 4 . 1  4 4 . 4  2 1 .  9 8 9  4 0 5 I 
1 . 4 7 6 2  5 .  6 1 8 0 2 6 . 3 
0 7 : 2 H : 1 1 : 3 0  6 2 . 4 3 2 . 1  1 4 . 2  4 6 . d  2 4 . 5  9 0  4 0 5 
1 . 6 7 8 2  6 . 1 1 7 6 2 7 . 4 
0 7 : 2 8 : 1 2 : 0 0  6 4 . 0 3 3 . 3 1 4 . 6  4 8 . 1  2 7 . 5 8 9  4 0 5 
1 . 6 1 3 1  5 . 9 4 4 1 2 7 . 1  
0 7 : 2 d : 1 2 : 3 0 6 5 . � 3 3 . 9 1 4 . 8  4 9 .  3 3 0 . '3 9 0  4 0 5 
1 . 7 2 7 3  S .  7 6  Sd J J . U  
0 7 : 2 8 : 1 3 : 0 0  6 3 .  5 3 2 . 3  1 5 . 0 4 4 . 8 3 3 . 4 1 0 1 4 0 5  
1 . 5 d 7 9  S . :J J 5 1  2 6 . ti  
0 7 : 2 8 : 1 3 : 3 0  6 1 . 9 3 4 . 4  1 6 . 5  4 8 . 6  3 6 . 2  8 4  4 0 5  
1 .  3 4 d  7 6 . 0 4 4 J  2 2 . 3  
0 7 : 2 U : 1 4 : 0 0  6 0 . 4 3 5 . 3  2 0 . 0 4 9 . 1 3 u . o  H 4  4 0 5 
1 .  1 d  9 7  5 .  S d  7 � 2 1 . 3 
0 7 : 2 d : l 4 : 3 0 5 8 . 4 3 6 . 1  2 4 . 6 4 5 . 6 4 0 .  7 1 0 3 4 0 5  
O . 'd 7 7 S  4 .  d 9 7  5 1 7 . � � 
0 7 : 2 o : 1 5 : 0 0  5 5 . 0 3 J . 2  2 8 . 9 4 6 . 5 4 2 .  2 9 2  -1 0 5  0 0 
-- -- -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
� Ad L E A 2  ( con t . ) : 1 9 8 2  r � s t Da t a  
·fa n k  El e va t i on = 0 .  3 m 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Da t e - t ime �ra- i 'i�a - o 'J.w - i 'I'w- o ·rt a n k  Hw a t  r-.:�a i r  En e·r - ta n k  I n s  t.:t r - w  
( C ) (C ) (C ) ( C ) ( C ) ( :kg /tl r ) ( l<g /tlr ) ( K �-vn ) ( k 'Wh )  ( lb) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
() 7 : 2 9 : 0 9 : 0 0  3 3 . 6 2 3 . 9 1 4 . 2  3 0 . 7  
0 7 : 2 9 : 0 9 : 3 0  3 d . 2 2 5 . 5 1 4 . 5 3 3 . o 
0 7 : 2 9 : 1 0 : 0 0 4 1 . 2 2 6 . 1  1 4 . 2  3 4 . 9  
0 7 : 2 9 : 1 0 : 3 0  4 6 .  3 2 7 . 2  1 4 . 3  3 8 . 2  
0 7 : 2 9 : 1 1 : 0 0 5 3 . 6 2 9 . 6 1 4· . 7 4 1 . 9 
0 7 : 2 9 : 1 1 : 3 0 5 7 . 0 3 0 . 7  1 4 . 6  4 3 . 6 
0 7 : 2 9 : 1 2 : 0 0  6 0 . 7 3 2 . 0  1 4 . 7  4 6 . 0  
0 7 : 2 9 : 1 2 : 3 0 6 2 . 7 3 2 . 9  1 5 . 1 4 7 . 4 
0 7 : 2 9 : 1 3 : 0 0  ti 3 .  3 3 3 . 2 i 5 . 4 4 7 . 9 
0 7 : 2 9 : 1 3 : 3 0  6 1 . 9 3 3 . 5 1 6 . 0  4 3 . 0  
0 7 : 2 9 : 1 4 : 0 0 Sd . · 9 3 3 . 9 1 0 . 1  4 7 . 3 
l) 7 : 2 9 : 1 4  : 3 0 5 7 . (3 3 5 . 8 2 1 . 9 4 7 . 9 
U 7 : 2 0 : 1 5 : 0 0  5 0 . 5 3 6 . 0  2 5 . 4 4 5 . 1 
14 . 3 
1 5 . 0 5 1  4 u 5  
1 6 . 1  6 4  4 0 5  
1 7 . 4  7 1  4 0 5 
1 8 . 9 7 'd  4 0 5  
2 0 . 9 d 6  4 0 5  
2 3 . 3 d 8  4 0 5  
2 5 . 7 8 9  4 0 5 
2 8 . 4  9 u  4 0 5  
3 1 . 1 9 0  4 0 5 
3 3 . 7 8 6  4 0 5 
3 5 .  9 d 3  4 0 5  
3 7 .  9 8 2  4 0 5  
3 9 . 2 7 1  4 Li 5 
0 . 4 3 4 4  
0 . 6 3 0 d  
0 . 7 '1. 2 5  
O . d 3 4 2  
1 .  l 5d 6  
1 . 3 3 1 4 
1 . 3 8 6 3 
1 .  5 1 4  5 
1 .  5 5 3 4  
1 .  4 sa  u 
1 . 2 7 4 6  
1 .  1 1 4  9 
0 . 7 4 o o 
2 • tl 9J d 
3 . 5 2 0 o  
3 .  5 6  J 7 
4 .  1 1 0  5 
5 .  2 3  7 1  
5 .  4 S d  7 
s . d s o �  
6 . 0 2 9 U 
6 . 1 1 3 4  
5 . t3 7 L O 
5 . 4 6 0 6  
.J . u 1 l l  
3 . 3 3 5 1  
1 5 . 0 
1 7 . 9 
2 0 . 3  
2 0 . 3 
2 1 .  9 
2 4 . 4  
2 3 . 7 
2 � . 1  
2 ::> . 4 
2 4 . d  
2 3 . J 
2 2 . U  
2 2 . 4  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
t--l 
0 
,_. 
Ta n k  El e va t i on =  0 .  3 m 
'fAd L E A 2 ( c o n  t • ) : 1 9 o 2  ·r 2 a t Da t a  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Da t� - t ime 1'a- i Ta- o  1W - i Tw- o  ·rt a n k  Mw a t  J."ia i r  Eo e r - ta n k  Ins Ef t - �-J t ( C )  ( ky /h r ) { kg  /h r ) ( k wh ) ( k v �n ) ( C ) ( C )  (C ) ( c )  ( %) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 3 . 2 
0 . 4 5 4 4  3 . 2 3 6 6  1 1* . 0 
0 7 :  3 0 : 0 � :  0 0  3 3 . 6 2 3 . 2  1 3 . 6 30 . ' 2 1 4 . 0 6 1  4 0 5 
0 . 6 5 4 9  3 . 5 2 6 9 1 d . 6  
0 7 :  30 : 0 9 :  3 0  3 8 . '9 2 5 . 0  1 3 . 7 3 3 . 9 1 5 . 1 6 7  4 0 5 
0 . 8 6 0 d 3 . 9 7 9 6  2 1 . 6  
0 7 :  3 0 : 1 0 : 0 0  4 3 . 1 2 5 . 9 1 3 . 7 3 5 . 3 1 6 . 7 7 7  4 0 5 
0 . 9 0 7 5  4 .  1 6  s u  2 l . d 
o 7 :  3 u : 1 0 : 3 0  4 7 .  8 2 7 . 3  1 3 . 7 3 B . 4  1 d  ·• 3 d O  4 0 S 
1 . 2 9 4 7  5 .  5 1  ::) d  2 3 . 5 
0 7 :  3 0 : 1 1 : 0 0  5 4 . 9 2 9 . 4 1 3 . 9 4 1 . 7 2 u .  5 d 9  ' 4 0 5  
1 . 3 1 3 0  5 . 0 5 7 d  2 o . u  
0 7 : 30 : 1 1 : 3 0  5 5 .  '6 2 9 . 5 1 4 . 1 4 2 . 1 2 2 . 8  9 0  4 0 5 
1 . 4 1 0 0  5 . 4 6 6 3  2 S . 0 
0 7 : 3 lJ : 1 2 : 0 0  5 5 .  · g 3 0 . 3  1 4 . 5  4 3 . 1 2 5 . 3 d 7  4 0 5  
1 . 3 6 3 8 s . o 2 d S  2 4 . 2  
0 7 :  3 U : 1 2 : 3 0  6 0 . 1 3 0 . 1 1 4 . 4  4 2 . 6  2 7 . 7 1 0 3 4 0 5 
l .  3 4 1 2 s . 4 ll 4 o  2 4 . 8  
0 7 : 3 0 : 1 3 : 0 0  6 2 . 7  3 2 . 1  1 4 . 5  4 7 . 1 3 0 . 1 9 1  4 0 5 
1 . 4 1 3 t3  s .  1 o d  2 2 I .  4 
0 7 : 30 : 1 3 : 3 0  6 0 . 5 3 1 . 9 1 5 . 0 4 6 . 0  3 2 . 6  9 0  4 0 5 
1 . 2 iJ 7 7  4 . 0 5 5 4  2 7 .  � 
0 7 : 3 0 : 1 4 : 0 0 5 5 . 7 3 2 . u  1 6 . 1  4 4 . 9 3 4 . 9 d O  4 0 5 
1 . 1 1 1 1  S . l U 6 S 2 l . J 
0 7 : 3 0 : 1 4 : 3 0  5 7 . 7 3 3 . 9 1 9 . 1 4 6 . 5 3 6 . d  J 4  4 lJ 5 
1 . 0 4 2 0  S . J 2 3 J 2 u . 7 
0 7 : 3 0 : 1 5 : 0 0  So . 3 3 o . 5  2 3 .  a 4 o . o  3 d . 7 d d  4 J S  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
t--' 
0 
N 
Ta n K  El e va t i on = 0 .  3 rn 
·r Ad L E A 2 { con t . ) : 1 9 8 2  f .} s t Da t a  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
La t e - t im e  'l'a- i 'l'a- o 'IW - i (rw- o ·!'ta n K  l.'4w a t  �t:l i r  En e r - ta n k.  I na .8£ .L - viJ  
{ C ) ( c ) I (C ) ( C )  ( C )  ( .kg  /ll r )  ( kg /nr ) ( k V�Ll ) ( k �Jn ) ( ��) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 4 . 5  
0 .  5 5 6 7 3 . 3 5 9 J l 6 . t>  
O ti : U 2 : 0 � : 0 0  3 7 . 2 2 5 . 0 1 4 . 6 3 2 . u 1 5 . 5 6 5  4 0 5 
0 . 7 3 9 <3  3 . 9 5 2 6  l d . 7 
0 8 : U 2 :  0 9 : 3 0  4 2 . 6 2 6 . 5 1 4 . 6  3 6 . 0  1 6 . 8  7 3  4 0 5  
1 . 0 2 4 0  4 . 4 3 ·! 9  2 2 . d  
u d : 0 2 : 1 o : o o 4 d . 2 2 7 .  9 1 4 . 4  3 d . 7 1 8 . 6  d l  4 0 5  
1 . 2 4 d 2 S . 2 u l l  2 4 . 0  
0 8 : 0 2 : 1 0 : 3 0  5 3 . 9 2 9 . 4 1 4 . 6  4 1 . 9 2 0 ·. d d 7  4 0 5  
1 . � 9 3 d s . ti 1 o 4  2 3 . 0 
O u : 0 2 : 1 1 : 0 U  5 6 . 5 2 9 .  5 1 4 . 6 4 1 . 2 2 3 . 1 9 9  4 0 5  
1 . 3 1 5 4  5 . � 5 4 4  2 2 . 1 
0 8 : 0 2 : 1 1 : 3 0  5 5 . 9 3 0 . 7  1 4 . � 4 4 . 0  2 5 . 4 3 4  4 0 5  
1 . 2 7 1 6 6 . 1 4 5 0  2 0 . '7 
0 8 : 0 2 : 1 2 : 0 0  5 4 . 4 3 0 . 4 1 5 . 0 4 3 . 6 2 7 . 6  d 2  4 0 5  
1 . 2 1 8 6  6 .  2 9 J  9 1 9 . 3 
o s : 0 2 : 1 2 : 3 u  5 4 . 1 3 0 . 5 1 5 . 4 4 3 . 9 2 9 . d s o  4 J 5  
1 . 3 1 3 4 6 . 2 5 v 5  2 1 . 0 
O J : 0 2 : 1 3 : 0 U  6 0 . U 3 2 . 3 1 5 . 7 4 6 . 9 3 2 . 1  d o  4 u 5  
l .  4 3 :) J  b .  2 ld 7 2 3 . 1 
0 8 : 0 2 : 1 3 : 3 0  6 1 . � 3 3 . 4 1 6 . 7 4 7 . 9  3 4 . 6  a ·� 4 0 5  
1 .  4 l � o  5 . 9 1 3 2  2 4 . U  
0 8 : 0 2 : 1 4 : 0 L) 6 3 . u 3 5 . 4 1 9 . � 4 � - 6 3 7 . 1 9 u  4 0 5  
1 . 1 3 1 1  5 . 5 7 7 S  2 1 . 2 
O J : 0 2 : 1 4 : 3 u o 2 . o  3 7 . 4 2 4 .  7 4 d . d  3 9 . 2  9 \)  4 u 5  
o .  :1 9 3 2  5 . 2 3 2 3  l :J . u  
U d : O L : 1 5 : 0 0  6 1 . 6 4 U . 4 2 9 .  4 5 1 . 1 4 0 . 9  3 :)  4 J 5  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
t--' 
0 
w 
�ABLE A 2  ( co n t . ) : 1 9 U 2 r e s t  Da t a  
·ra n k �l e va t ion = 0 .  3 m 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ce te - t ime r a- i ·ra - o rj..w- i 'rw- o 'I' ta n K  1-1w a t twa i r  E n e r - t a n k  I n s  Et J.: - V'J  
( c ) ( c ) (C ) ( c )  ( C ) ( kg /hr ) ( kg jn r ) ( K  �n ) ( K v'itl ) ( % )  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
14 . 4  
0 .  5 6 1 3  2 . 0 2 5 3  2 7 . 7 
0 8 : 0 3 : 0 9 : 0 0  3 2 . 9 2 4 . 2 1 4 . 5 3 0 . 3  1 5 . 4 5 3  4 0 5  
0 . 4 4 6 0  0 .  7 3 0  0 6 1 . 1 
0 8 : 0 3 : 0 9 : 3 0  2 9 . 5 2 3 . 2 1 4 . 8  2 U . 2  1 6 . 2 4 5  4 0 5  
0 . 2 5 9 9  0 . 5 0 7 5 5 1 . 2  
0 8 : 0 3 : 1 0 : 0 0  2 7 .  3 2 2 . 4 1 4 . 7 2 6 . 4  1 6 . 6  4 1 4 0 5  
0 . 2 0 4 6  0 . 4 4 0 0 4 6 . 5 
0 8 : O J :  1 0 :  3 0  2 5 . 6 2 1 . 8 1 4 . 6  2 5 . 2 1 7 . 0  3 S  4 0 5  
0 .  1 6 4  6 0 . 2 7 7 8 5 9 . 2  
O ti : 0 3 : 1 1 : 0 u  2 4 . 2 2 1 . 3 1 4· . 7 2 4 . 1  1 7 . 3 3 0  4 0 5  
0 .  1 2  7 2 0 . 1 3 8 5 � 1 . d  
0 8 :  0 3 : 1 1 :  3 0  2 3 . 2 2 0 . 9 1 4 . 7 2 3 . 2 1 7 . 5 2 7  4 0 5  
0 .  1 2 0  4 0 . 2 0 6 2  5 b . 4  
0 8 : 0 3 : 1 2 : 0 0  2 2 . 9 2 0 . 7  1 4 . 7  2 2 . 9 1 7 . 7 2 6  4 0 5  
0 . 0 6 9 1 0 .  2 0 0 3 3 4 . 5  
0 8 : 0 3 : 1 2 : 3 0  2 2 . 4 2 0 . 4  1 4 . 7 2 2 . 4 1 7 . 8 2 6  4 0 5 
0 . 0 9 3 5  0 .  2 9 6 3  3 1 . 5 
O U : 0 3 : 1 3 : 0 (J  2 2 . 6 2 0 . b  1 4 . 8  2 2 . 5 1 d . U  2 5  4 0 5  
0 . 1 3 8 9  u .  3 9 2  7 3 5 . 4 
0 8 : 0 3 : 1 3 : 3 0 2 3 .  u :G O . 9 1 4 . 9  2 3 . 0 1 8 . 3  2 4  4 u s  
0 . 0 8 8 0  0 . 3 4 0 7  2 5 . d  
0 8 : 0 3 : 1 4 : 0 0 2 2 . 5 2 0 . 7 1 4 . 9  2 2 . 5 1 8 . 4  2 4  4 0 5  
0 .  0 0 "/ 6 O . d 1 7 9  l u . 7 
0 8 : 0 3 : 1 4 : 3 0 2 4 . 3 2 1 . 7 1 5 . 0 2 3 . � 1 ti . 6  2 9  4 0 5 
0 . 1 1 3 1  l . U 4 2 �  1 o . o  t-J 
0 8 : 0 3 : 1 5 : 0 0  2 o . O  2 2 . 6  1 5 . 1 2 'J . 7 1 8 . � 3 2  4 0 5  0 � 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
'l'a n K £1 e v a t i on = 0 • 3 m 
'£ Al3 L £ A 2 ( con t • ) : 1 9 8 2 ·r � s  t oa t a.  
-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
oa t� - t im e  'l'a- i 'l"'a- o rrw - i �rw- o ·rta n k  l"lw a t  I.vla ir  En e r - t a n K  Ins E£ f - w  
(C ) ( C )  I (C ) ( c )  ( c ,  ( ikg /il r )  ( kg /hr ) < K wh ) ( k Wi1 ) ( %1 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 3 . 2 
0 . 6 4 0 3 3 .  2 3 4  u 1 9 . 8  
0 8 : 0 4 : 0 9 : 0 0  3 6 . 9 2 5 . 7 1 4 . 0  3 2 . 9  1 4 . 3  5 7  4 0 5 
0 . 8 3 0 6  3 . 9 4 0 9  2 1 . 1 
Ll d : 0 4 : 0 9 : 3 0  4 1 . 9 2 7 . 4  1 4 . 0  3 6 . 5 1 5 . 8 6 3  4 0 5  
0 .  9 3  9 5 4 . 3 4 7 0 2 2 . d  
O d : 0 4 : 1 0 : 0 0  4 & . 8 2 d . 8  1 4 . 0 3 � - 4 1 7 . 5 6 9  4 0 5  
1 . 2 7 1 3  4 . d 7 3 9  2 6 . 1  
U d : U 4 : 1 U :  3 U  5 1 . 5  2 9 . 5 1 4 . 1  4 1 . 7 1 9 . 8  7 7  4 0 5  
1 . 2 3 7 8  4 .  o 9 4  G 2 0 . 4  
0 3 : 0 4 : 1 1 : 0 0  5 4 . 2  3 0 . 6  1 4 . 3  4 4 . 0 2 1 .  9 7 7  4 0 5  
1 . 4 3 7 7  5 .  6 10 3 2 5 . o  
0 8 : 0 4 :  1 1 :  3 0  5 9 . 9 3 1 . 2 1 4 . 2  4 4 . 0 2 4 . 5 9 4  4 0 5 
1 . 6 1 5 0 s . � u J 5  1. 7 . 4 
u ti : 0 4 : 1 2 : u o  6 2 . 6 3 3 . 7 1 4 . 7 4 J . 3  2 7 . 3 d 4  4 0 S  
l . S :::> 7 1  5 . 6 9 2 1  2 J . l 
O d : U 4 : 1 2 : 3 U  6 2 . 6  3 4 . 4  1 5 . 3 4 9 . 4 3 J . l d u  4 0 S 
1 . 7 0 2 2 6 . 0 1 6 1  2 0 .  3 
u d : 0 4 : 1 3 : u o  6 2 . 2  3 4 . 2  1 S . 1 4 o . 5  3 3 . 1 d l  4 0 5 
1 . 5 u J O  5 .  0 5 7  2 2 6 . 7  
0 3 : 0 4 : 1 3 : 3 0  6 1 . 3 3 3 . 7 1 5 . 9 4 7 . 9 J s . a 3 4  4 0 5  
1 . 3 5 2 6  4 . j d 2 2  2 1 .  l 
0 8 : 0 4 : 1 4 : 0 0 5 :) .  5 3 5 . 3  l d . 7 4 J . 7  3 d . :L  7 J  4 U 5  
1 . 2 5 1 2  :5 . 1 4 3 4  2 4 . j 
0 d : 0 4 : 1 4 : 3 0  6 0 . d 3 7 . 9 2 3 . 9 4 � .  7 4 0 . 4 d o  4 u :>  
l . U U J o  4 .  J 1;1 3 4  2 v . G  
O J : 0 4 : 1 � : u J  6 1 . 9 4 1 . 5 2 'j .  2 5 2 . 3  4 2 . 2  d 6  4 0 :)  
- - - - -- - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
t-' 
0 
l.Jl 
ra n K  81. e va t i on ::: 0 .  3 n1 
·l' Ad L E  A 2  ( C :)n t . ) : 1 9  d 2 ·I' 2 .s t ua t a 
--- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
wt2 - t ime Td - i '.i'a- o r w - i 'l\1'1- 0 '.('ta n K  £·.1'.� a t  1'1.'1 i r Bne r - tl H l  K. I n s  t: .L  L - l'w 
(c ) ( c )  ( c ) ( ..: ) ( C ) ( .K :J  /i l r  ) ( K� /ur ) ( rl:  � � r l ) ( K fH l ) ( �)  ' -- - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - -
1 4 . 6  
0 . 7 3 o 6  J . 0 � 4 S  2 4 . 1  
O d : 0 5 : u � : O O  3 7 . 3 2 5 . 9 1 4 . 8  3 3 . 1 1 5 . 9 o O  4 J S  
0 . 7 5 d 3  3 . 3 7 3 2  2 2 . 5  
0 3 : 0 5 : 0 9 : 3 0  4 0 . 7 2 6 . 6  1 4 . 8  3 4 . �  1 7 . 3 6 d  4 0 5 
u .  :1 7  G J 4 . 7 1 9 1 2 0 . 7 
0 <1 : 0 5 : 1 0 : 0 0  4 8 .  2 2 8 . 3  1 4 . 8  3 9 . 4 1 9 . 0 7 7  4 0 S  
1 .  1d 24  4 . 6 7 3 0  2 s .  J 
O S :  O S : 1 0 : 3 0  5 2 . 4 3 J . O  1 5 . 3 4 1 . 8 2 1 ·. 1 d 2  4 U 5  
1 . 3 5 6 5  S . l 7 u J  2 6 . 2  
0 8 : 0 !:> : 1 1 : 0 0  5 d . 0 J 1 . a  1 5 . 2 4 5 . 6 2 3 .  s 8 4  4 u 5 
1 . 6 0 0 .3  5 .  ,j (S 1 6  2 d . L  
0 8 : 0 5 : 1 1 : 3 0  o 2 . 5 3 2 . 7  1 5 . 5 4 6 . 9 2 6 . 3 � 2  4 0 5 
1 . '7 1 7 4  6 . 2 0 J 4 2 7 .  7 
O d : u 5 :  1 2 : 0 0  6 6 . 6  3 4 . 8  1 5 . d  5 0 .  '2 2 9 . 3  � 0  4 0 5 
1 . 7 9 u 2  6 .  2 4  9 1  2 d . G 
O o : U S : l 2 : 3 0  6 6 . 8  3 5 . 2  1 6 . 2  5 0 . 5 3 2 . 5 d J  4 0 5 
1 . 7 2 1 J 6 .  2 6  2 J  L 7 . 5 
O d : 0 5 : 1 3 : 0 0  6 6 . 0  3 5 . 9  1 6 . 8 5 1 . 2 3 5 . 5 8 5  4 0 5  
1 . 6 3 3 2 u . J 4 � d  2 .5 .  7 
0 8 : 0 5 : 1 3 : 3 0  6 7 . 4 3 6 . 4  1 d . 5  S 1 . 4 3 d . 4 9 2  4 0 ::, 
1 .  5 1 2 3 . 5 . d 4 6 9  2 5 . j 
0 <3 : 0 5 : 1 4 : 0 0 o 6 . B  3 d . 9  2 3 . 1 5 2 . 6  4 1 . 0 � 2  4 u 5  
1 . 2 8 1 6  5 . 3 7 1 3  2 3 .  9 
o a : o s: 1 4 : J o  0 5 .  7 4 1 . 9 2 8 . 6  5 oi . 1  4 3 .  3 9 1  4 0 5  
u . 9 1 6 o  4 . 7 4 4 4  l j . j 
O U : 0 5 : 1 5 : 0 0  6 2 . 6  4 3 . 3 3 2 . 5  5 3 . 5 4 4 .  9 � u  4 U S  
- - - - -- - - - - --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
t-' 
0 
0\ 
(l'a n k t:l e v a t ion = 0 • 3 m 
� Ad L E A 2  ( c o n e . ) : 1 9 8 2 ·f e .::i t Da i.. a 
-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
ca t e - t im e  'ra- i 'l'a - o '1\v - i ·rw- o '!' t a n k  Hw a t  J:--.�t::l i r t; n e r - t a n k  I n s  1:.or .t - w  
( C ) ( C ) (C ) ( C )  ( c )  ( kg /nr ) ( K-J jn r ) ( k vv n j ( K \·�n ) ( %) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 5 . 0 
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2 7 . 5 4 7 .  "5 3 3 . 4 
3 1 .  7 4 d . 3  4 0 . 0 
3 5 . 0 . 5 J . 1  4 1 . J 
0 . 4 6 2 8 0 .  7 6 6  5 6 0 . 4 
6 8  5 0 4  
0 . 6 5 7 6  2 .  3 3  5 6  2 7 . 6 
7 9  5 0 4  
0 .  9 7  7 9 4 . 8 9 2 7 2 0 . 0  
9 4  5 0 4  
1 . 2 1 0 1  3 .  56 0 2  3 4 . 0  
1 0 5  5 0 4 
1 . 5 d 1 1  5 .  8 3 3 d 2 7 . 1 
1 1 4 ' 5 0 4 
1 . 7 4 6 5 5 .  � 4 1 d  2 9 . 4 
1 1 5  5 0 4  
1 . 8 3 6 4  6 .  4 � 3 8 2 d . 3  
1 1 o  5 Ll 4  
1 . 3 2 7 2  5 .  8 9d 1 3 1 . 0 
1 1 8  5 0 4 
1 . 7 2 6 5  6 . 6 5 8 4  2 5 . 9 
1 1 8  5 0 4  
1 . 5 5 5 0 5 .  8 3 8  9 2 6 . 6  
1 2 0  5 0 4  
1 . 1 1 0 d 5 . 6 5 4 5  1 9 . 6 
1 2 9  5 0 4  
u . d 9 u 7  5 . 0 1 1 9  1 7 . 8 
1 2 J  5 l ) l 
U . 7 4 0 1  5 .  3 7 0 3  l J . d  
1 2 2  5 0 4 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
t-' 
N 
0'\ 
�Ad L B  A 2  ( c on t . ) : 1 9 8 2 r e s t Da t a  
'1'a n k  £1 ev a ti on =  0 .  9 m 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Da te - t im e  'l'a- i 'l'a- o 'lW - i 1£vJ- o T t a11 k  t�h-J a t  i'·'la i r  En2 r - t a n k  I n s  Ef f - �,� 
( c ) ( C ) ( C )  ( c )  ( c )  ( kg /hr ) ( kg /hr } ( k ��h } ( k vin ) ( % }  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 2 . 3 
0 . 4 2 7 8  o .  7 6 2 9  5 o . l  
0 9 :  lJ 3 :  0 9 : 00 3 0 . 2 2 1 . 6 1 2 . 3  2 8 . 3  1 3 . 0 6 5  5 0 4 
0 . 7 3 0 6  2 .  5 7  2 4  2 d . 4  
0 9 : 0 3 : 0 9 : 30  3 6 . H 2 3 . 5 1 2 . 4  3 1 . 4 1 4 . 3 8 5  5 0 4 
1 . 0 9 2 3  4 .  9 1 5 8  2 2 . 2  
0 � :  0 3 :  1 0 :  0 0  4 4 . 5 2 5 . 6 1 2 . 6  3 5 .  5 1 6 . 2 1 0 J  5 0 4  
1 . 3 7 2 0  3 .  54 3 5  3 8 . 7  
0 9 : 0 3 :  1 0 :  3 0  5 1 . 2 2 7 . 3  1 2 . 8  3 9 . 0  1 3 . 7 1 1 0  5 0 4 
1 . 7 2 3 7  5 .  8 7 4 4  2 9 . 3 
U � : 0 3 : 1 1 : 00 5 7 . 7 2 9 . 2 1 3 . 1  4 2 . 2  2 1 . 7 1 1 9  5 0 4  
1 . 9 7 1 1  6 . 2 0 9 2  3 1 . 7 
0 � : 0 3 : 1 1 : 3 0  6 2 . 2 3 u . s 1 3 . 3 4 4 . 7  2 j . 2 1 2 2  5 0 4 
2 . 0 4 9 7  6 . 4 5 0 4  3 l . d 
0 9 : 0 3 :  1 2 :  00  6 4 . U 3 1 . 4 1 3 . 4  4 6 . 3 2 d . d  1 2 3  5 0 4  
2 .  2 0 2 4  6 .  \) 1 2 2  3 3 . 3 
0 9 :  0 3 :  1 2 : 3 0  6 6 . 5 3 2 . 2  1 4 . 2 4 7 . 0 3 2 . 7 1 2 6  5 J 4  
2 . 0 5 d Y  6 . 6 2 3 2 3 1 . 1 
O iJ : U J : 1 3 : 0 0  6 o . l 3 4 . 5  l d . o  4 d . 2  3 b . 3 1 2 3  5 0 4  
1 . 6 7 1 4  6 . 2 2 4 5  2 o . :J 
0 9 : 0 3 : 1 3 : J u  6 4 . 6 J o . J  2 6 . 0  4 � . 9 3 9 . 2 1 3 3 :) 0 4  
l . 0 7 2 d  3 . 4 6 9 1  j 0 .  :) 
U 9 : 0 3 : 1 4 :  U O  :) 5 . 1 3 9 . 1 3 0 . 8  4 7 .  3 4 1 . 1 1 1 8  5 0 4  
J . 7 7 5 2 5 . 0 3 1 '] 1 5 . 4  
J 9 :  u J :  1 4 :  3 u  G u .  5 4 2 . d  3 4 . 6  S l . S 4 2 .  5 1 2 & 5 J 4  
0 . 7 4 � j 4 .  s o o  1 1 6 . 6 
d 9 :  L) J :  1 ) ;  I U O  .J :J . J 4 4 . 6  3 7 . 6 :J L . 2 4 J .  8 1 2 2  :S J 4  t-' N 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ......_. 
'fAJ L E  A 2  ( con t . ) : 1 9 8 2  r e s t Oa t a  
Ta n k  El e v a tion = 0 . � m 
Da te - t im e  •!'a- i 'fa- 0 rrw - i ·rw- 0 
( C ) ( C ) ( C ) ( C )  
0 9 : 1 0 : 0 9 : 0 0  3 1 . 1 2 2 . 5  1 3 . 1 2 d . 7  
0 9 : 1 0 : 0 � : 3 0  3 6 . 5  2 4 . 2  1 3 . 2 3 1 . 6 
0 9 : 1 0 : 1 0 : 0 0  4 2 . 6 2 5 . 8  1 3 . 4 3 4 . 9 
0 � : 1 0 : 1 0 : 3 0  4 ti . 2 2 7 . 4 1 3 . 4 3 8 . 2  
0 9 : 1 0 : 1 1 : 0 0  5 3 . 7 2 J . 7 1 3 . 6 4 0 . 9  
0 9 : 1 0 : 1 1 : 3 0  5 d . 3  3 0 . 2  1 J . 8  4 2 . 8  
0 � : 1 0 : 1 2 : 0 0  6 0 . 1 3 1 . 0 1 4 . 1  4 3 . 6  
0 9 : 1 0 : 1 2 : 3 0  6 1 . 4 3 1 . 7 1 5 . 0 4 4 . 2 
0 � : 1 0 : 1 3 : 0 0  6 1 . 7 3 4 . 0  1 � . 4 4 6 . 2 
0 9 : 1 0 : 1 3 : 3 0  6 1 . u 3 7 . 7 2 5 . 7 4 d . 6  
\) ';) : 1 0 : 1 4 : 0 0 6 1 . <3 4 0 . 5 3 0 . 4  4 9 . 9 
U 9 : 1 0 : 1 4 : 3 u o l . l 4 2 . 7  J J . :J 5 1 . 5 
0 � : 1 0 : 1 S : U O  5 d . 9  4 � . 0  3 6 . 7 S l . d  
·r t a n k  t\lw a t  Ha i r  Ene r - t an k  I n s  
( C ) ( ;kg  /n r ) (kg  /n r ) ( k �'li1 ) ( k v�h ) 
1 3 . 5 
0 . 5 0 0 1  1 . 1 5 1 0  
1 4 . 4  6 6  5 0 4  
0 . 7 1 5 0 3 .  3 0  5 3  
1 5 . 6 d 1  5 0 4 
1 . 0 5 7 6  4 .  5 9 3 0  
1 7 . 5 9 4  5 0 4  
1 . 2 4 3 6 3 . 6 9 2 0  
1 9 . 7 1 0 2 5 0 4  
1 . 5 3 4 4  5 . 7 6 0 1  
2 2 . 4  1 1 0 5 0 4  
1 . 7 4 9 9  6 . 1 4 2 2  
2 5 .  5 1 1 7  5 0 4  
l . cl d O d  6 . 4 2 7 2 
2 <5 . a 1 1 9  5 u 4  
1 . d j J o  6 . 5 2 2 0  
3 2 . 0  1 2 J  j J 4  
1 . 8 1 3 2  6 . 4 5 d l  
3 5 . 2 1 2 S ::> u 4  
1 . 4 7 2 0  6 . 2 7 0 7 
3 7 . 8  1 2  7 5 0 4  
1 . 2 2 6 3  o . O S 9 3  
4 u . o 1 3 2  S u 4 
1 . D u o 5 5 .  0 S d  J 
4 1 . d 1 2 6  S \1 4  
o . d u � l  5 . 1 5 6 4  
� 3 .  2 1 1 9 � 0 4  
Et f - �· i 
( 1> )  
4 3 .  5 
2 1 . 6  
2 3 . 0 
3 3 . 7 
2 o . G  
2 8 . 5  
2 � . 3 
2 d . 4  
2 3 . 1  
2 3 . 5 
2 J . 2  
l 7 . U  
1 5 .  7 
I-' 
"" 
00 
1 .  Tank E levation= ver t i ca l  di s t ance be tween t ank out le t an d co l le c t o r  out le t , m 
2 .  Date -Time= mon th : day : hour ( lo c a l  s o l ar t ime ) : minute s  
3 .  Ta - i= temperature of a i r  inte ring the he at exchanger ,  C 
4 .  Ta-o= temperature o f  a i r  le aving the he at exchanger ,  C 
5 .  Tw-i= temperature o f  water en tering the heat  exchanger ,  C 
6 .  Tw- o= temperature o f  water le aving the he at exchange r ,  C 
7 .  Ttank= average temperature o f  the wat e r  s torage , C 
8 .  r1wat= average water flow rate during 30 minute int e rva l , k g / hr 
9 .  Mair= air flow rate in the co l le ctor , kg/hr 
10 . Ener- t ank= energy adde d to  wat e r  s torage during 30 minute int e rva l , kWh 
11 . In s= average ins o l at i on from me as urement s  t aken every minute over t he 3 0  minute 
interva l , kWh 
12 . E ff-W= Ene r - t ank / Ins for the 3 0  minute interva l , % 
......... 
N 
\.0 
